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Chapter 1 Introduction 
 
1.1 Laser-driven ion acceleration 
 Laser-driven ion acceleration experiments have been actively carried out at intense laser 
facilities [1]. When a target material was irradiated with a focusing intense laser, high energy ions with 
multi-tens of MeV were generated by laser-plasma interaction. The acceleration field for ions, which 
created by intense laser, could reach up to ~TV/m theoretically. The acceleration gradient indicates six 
orders of magnitude higher than the case of conventional radio-frequency ion accelerators. Such an 
efficient acceleration field can reduce the total size of accelerator. Therefore, the applications of 
laser-accelerated ion beams have also been studied all over the world such as medical ion accelerator 
for cancer therapy. 
 The novel ion acceleration technique has significant merits from the point of view of many 
applications. However, it still has a number of issues to overcome, such as increasing the particle 
energy, control of the beam, and stability of the acceleration parameters. To provide a possible 
resolution to these problems, precise characterizations of laser-accelerated ion beams are one of the 
most important matters. 
 The present study is intended to characterize the laser-accelerated ion beams from the targets of 
thin foil and cluster-gas. 
 
1.1.1 Intense laser-matter interaction 
The ultra-short pulse (a few tens of fs) laser systems are able to generate the electromagnetic 
pulses with energy compression leading the intensities several orders of magnitude above the 
relativistic threshold (I2 ≧1.37×1018 W cm-2 m2), i.e. the intensity of the laser wave in which 
oscillatory energy of an electron beyond the rest energy [2]. Here, I is laser-intensity and  is 
wavelength of laser. When this type of laser irradiates to the target, a significant amount of plasma 
electrons is accelerated up to the relativistic velocity during a few cycle of laser electric field [3,4]. 
Additionally, under the action of a high-irradiance laser, electron motion is governed by both magnetic 
and electric fields in the form of the Lorentz force. The electrons are accelerated towards the laser 
traveling direction. While the electrons are accelerated forward direction, the ions respond slower and 
relatively slowly varying (quasi-static) charge-separation fields are formed between the displaced 
forward electrons and the rest of the plasma. In addition, the electron current leads to quasi-static 
magnetic field generation. At a longer time scale, protons are accelerated by the slowly varying plasma 
fields, which have the highest charge-to-mass ratio among the ions, and then heavier ions can follow 
the protons. 
Figure 1.1 shows the world-wide record of maximum energy of laser-accelerated ion as a 
function of laser intensity. The results of large-scale single-shot Nd:glass lasers are plotted by red. 
These results were obtained by the experiments using solid targets such as thin foil targets. The 
repetition rates of Nd:glass lasers, for example, are single shot per day. Therefore, Nd:glass lasers are 
2 
 
not suitable for applications even if it can produce high energy ions such as 68 MeV, which is the world 
record of the energy of laser-accelerated ions as indicated (a) in Fig. 1.1.  
On the other hand, the results of compact high repetition Ti:Sapphire laser systems are plotted 
by blue dot and green dot, which results were obtained by the experiments using solid targets such a 
thin foil target and cluster-gas target, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 Maximum energy of laser-accelerated ion as a function of laser intensity. 
 
The repetition rates of Ti:Sapphire laser systems, for example, are 10 Hz. Therefore, Ti:Sapphire laser 
system is easier to utilize for the application such as medical ion accelerator for cancer therapy.  
The present study was conducted with J-KAREN laser in Japan Atomic Energy Agency, 
Kansai Photon Science Institute, JAEA-KPSI [5]. J-KAREN is a femtosecond high intensity laser 
system that combines both Ti:sapphire chirped pulse amplification (CPA) and optical parametric CPA 
(OPCPA) techniques. The system consists of two successive CPA stages, where the second one 
includes a three-pass Ti:sapphire final booster amplifier pumped with the second harmonic from a high 
energy Nd:glass laser.  
Recently, protons with the maximum energy of 40 MeV were accelerated using thin foil target 
conducted with J-KAREN laser, which is indicated by (b) in Fig. 1.1 [6]. And also He ions with the 
maximum energy of 50 MeV/n are accelerated from cluster-gas target using the J-KAREN laser, which 
is indicated by (c) in Fig. 1.1 [7]. In the near future, it can be expected that the maximum energy of 
laser-accelerated ions will reach up to 80 MeV/n with increasing the laser intensity, which is the 
minimum requirements for the medical applications. 
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1.1.2 Characteristics of mixed radiation field by laser plasma 
 In the laser-driven ion acceleration experiments, high energy electrons and energetic ions are 
produced by intense laser-matter interaction as described in section 1.1.1. In addition, photons with 
wide energy spectrum, including X-rays, are also generated in laser plasma [8,9]. In the case of solid 
targets such as thin foil targets, the laser-accelerated electrons traveled to the laser propagation 
direction with a Boltzmann-like energy distribution which maximum energies were several-tens of 
MeV. On the other hand, in the case of cluster-gas target, a significant amount of well-collimated high 
energy electrons with the maximum energy of 200 MeV were accelerated. In both cases, especially 
cluster-gas target, such high energy electrons could produce high energy photons which exceed the 
threshold of photo-nuclear reactions via bremsstrahlung processes. Consequently, the photons could 
produce photo-neutrons as secondary particles in a series of photo-nuclear reactions [10]. And also, the 
high energy laser-accelerated protons could produce secondary particles such as neutrons in a series of 
nuclear reactions. Therefore, the ions from laser plasma should be regarded as in the mixed radiation 
field.  
 The generated ions could be classified two components. One of the two was generated by the 
Coulomb explosion mechanism [11], which consists of highly charged ions with the energies below a 
few MeV. The Coulomb explosion components indicated non-directional ion beams. On the other hand, 
the other component was accelerated by electric field which created by intense laser such as Target 
Normal Sheath Acceleration (TNSA) mechanism of thin foil target (see section 3.1). The energies of 
this component were widely spread up to multi-tens of MeV. The ions accelerated by TNSA 
mechanism indicated the directional beam for the target normal direction [1,12]. 
 Thus, the intense laser-plasma interactions generated the mixed radiation field which was 
composed of not only ions, electrons, X-rays, and gamma-rays, but also neutrons. The diagnosis of 
laser-accelerated ion beams must be carried out in the fields contaminated with such noise components. 
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1.2 Current status of measurement technique for laser-accelerated ion beams 
 Diagnosis of ion beams in fields with mixed radiations of gamma rays, X-rays, and 
high-energy electrons attracts much attention in the field of laser-driven ion accelerations, because the 
precise characterization of accelerated ions is crucial to the development of a laser ion accelerator for 
medical and industrial applications. Because the laser-accelerated ion beams have wide spread energy 
distributions and it in the mixed radiation field, the conventional ion measurement systems cannot be 
applied. Thus, a lot of diagnosis techniques for laser-accelerated ion beams have been developed. In 
this section, the detectors have been introduced, which have been utilized in the laser-driven ion 
acceleration experiments. 
 
1.2.1 Passive detectors 
 In the laser-driven ion acceleration fields, the passive detectors are mainly applied as ion 
detector such as CR-39 track detector, radiochromic film (RCF), and imaging plate (IP). These 
detectors are applied to obtain the energy spectrum and the spatial distributions of laser-accelerated ion 
beams. And also, these detectors are utilized as two-dimensional imaging detectors for proton imaging 
technique [13]. The laser-accelerated proton beams from thin foil targets can be a particle probe for a 
diagnostic tool for the detection of electric fields in laser-plasma interaction experiments. 
 Recently, solid state nuclear track detectors [14] such as CR-39 detectors have been 
extensively used in laser-driven ion acceleration experiments [8,15]. This is because the CR-39 
detectors have the great advantages of being insensitive to photons and electrons and capable of 
detecting only ions [16]. CR-39 track detector can record the high energy protons up to 27 MeV (see 
section 2.1.2). It can also registrate the tracks of relativistic heavy ions heavier than Li. Since each ion 
create one etch pit, CR-39 can be utilized for absolute fluence diagnosis. 
In the case of RCF, the absorbed dose of energetic ions deposited in the film has been 
measured from the changes in optical density undergone by the film, yielding information on the 
number and energy of the ions [17]. In order to measure the signals of only ions, the RCF detectors 
usually use sandwich with CR-39, because the RCF are sensitive for contaminants such as X-ray, 
gamma-ray, and electrons.  
The IP is a two-dimensional detector which is categorized as photo stimulable luminescence 
detector [18]. Using the read out system, the radiation signals on IP have been visualized as two 
dimensional images. The IP are often used as the detection part of Thomson parabola spectrometer 
[19]. 
 
1.2.2 On-line detectors 
 The on-line detector such as plastic scintillators, fluorescent screens, and micro channel plate 
(MCP), which is an aggregate of micron sized photo multiplier tube, are utilized as laser-accelerated 
ion detectors. 
 The plastic scintillators are usually used for the detection part of time-of-flight (TOF) method 
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[20]. Thanks to the short decay constant of scintillation, TOF with plastic scintillator system can 
measure the energy spectrum up to around 10 MeV for protons with high resolution. 
The fluorescent screens and MCP are used for the detection part of the Thomson parabola 
system as two-dimensional imaging detectors. MCP is usually combined with a fluorescent screen 
when the number of ions is small [21]. A luminescence of fluorescent screen is obtained by a charged 
coupled device (CCD) [22]. 
 These detectors are sensitive not only ions but also high energy electrons and photons. To 
apply these detectors, the ions and electrons must be separated to measure the laser-accelerated ions. In 
addition, the detectors and CCDs are to be shielded by filters such as Al foil to diminish the noise from 
photons and electrons. 
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1.3 Structure of the thesis 
 This thesis is structured in following: 
 Chapter 1 is the introduction and motivation of this thesis. This chapter explains outline of 
laser-driven ion acceleration experiment and the characteristics of mixed radiation field generated 
by intense laser-matter interaction. The status of measurement technique for laser-accelerated ions 
is also described. 
 
 In chapter 2, the basic study of ion detectors, CR-39, and ZnS(Ag) fluorescent screen is described. 
Brief description of the Monte Carlo particle transportation code, PHITS, and the 
three-dimensional magnetic and electric field analysis software, AMaze, are also given 
 
 Chapter 3 describes the developed diagnosis techniques for laser-accelerated ions from thin foil 
targets. One of two is the precise measurement of a high energy component using stacked CR-39 
detector. The other is on-line Thomson parabola system using ZnS(Ag) fluorescent screen. 
 
 Chapter 4 explains the new diagnosis technique for high energy He ions above the threshold level 
of CR-39 using back-scattered particles. Such high energy He ions are produced from cluster-gas 
targets. In the diagnosis, single layer CR-39 detector can work as ion beam intensity profiler. 
 
 Chapter 5 describes the evaluation of photo-neutron fluxes in laser-driven ion acceleration using 
cluster-gas target. The development of discrimination method of etch pits created by 
laser-accelerated protons and recoiled protons by photo-neutrons is also explained. 
 
 Design of the measurement system of laser-accelerated ions with less photo-neutron flux at ion 
detector position is given in chapter 6.  
 
 Chapter 7 is the conclusions of the present thesis. 
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Chapter 2 Ion detector and calculation code 
 
2.1 Solid state nuclear track detector, CR-39 
 CR-39 is a commonly used as Solid State Nuclear Track Detector, SSNTD, in various field of 
research such as nuclear physics, neutron dosimetry, cosmic ray detection and laser-driven ion 
acceleration [8,23,24]. Firstly, CR-39 has been developed as an optical material by Colombia Chemical 
Division in 1940s [25]. CR-39 is a colorless and transparent plastic, which is polymerized diethylene 
glycol bis(allyl carbonate) liquid monomer. Figure 2.1 shows the repeat unit of CR-39. 
 
Fig. 2.1 Repeat unit of CR-39 
 
The molecular formula is C12H18O7 and the density is 1.31 g/cm3.CR-39 has two carbonate ester bonds 
on the both side of ether bond in a repeat unit. The carbonate ester and the ether bond are well known 
as radiosensitive groups [26]. 
In 1978, CR-39 has been discovered as a superior SSNTD material by Cartwright et al. Before 
discovered CR-39, polyethylene terephthalate (PET), polycarbonate (PC), and cellulose nitrate (CN) 
have been used as SSNTD [27-29]. These SSNTD materials show the lower sensitivity than CR-39. 
For example, CN can detect alpha-rays with below a few MeV (stopping power more than 100 
keV/m), on the other hand, CR-39, which is copolymerized with N-isopropylacrylamide (NIPAAm), 
can detect 27 MeV protons (stopping power more than 2.6 keV/m) at the maximum [30]. In the recent 
study, modified chemical structure along ion tracks are gradually revealed by means of Fourier 
transform infrared, FT-IR, spectroscopy method [26]. 
First of all, the fundamental study of SSNTD has been described including the analysis 
techniques in section 2.1.1. Secondary, the characteristics of CR-39 has been introduced in section 
2.1.2. 
 
2.1.1 The fundamental study of SSNTD 
 When an ion entered into the SSNTD, it provides the kinetic energy to the material and loses 
the own energy. The mainly two type of chemical bond breaking are occurred in the process of losing 
the energy. One of the two is primary ionization process and the other is ionization by secondary 
electrons. By means of these processes, the damaged region, which is called ion track, can be modified. 
The ion track region is preferentially etched by chemical etching treatment compared to the pristine 
region, and then, the etch pit is created.  
 The size of etch pit allow us to predict the ion species and incident energy. And also, each etch 
pit shows the unique growth behavior depends on the stopping power, which allow us to understand the 
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more detail information of each incident ion. The etch pit geometry in detail and analysis technique has 
been studied by pioneering researchers [31-33]. In this study, the etch pit analysis techniques have been 
chosen for precise diagnosis of laser-accelerated ion beams. 
 
2.1.1.1 Etch pit growth behavior 
 The sensitivity of SSNTD for a charged particle is defined as ratio of track etching sp
eed Vt and bulk etching speed Vb, which is described as Eq. 2.1. 
 
b
t
V
V
S  , (2.1) 
where S is sensitivity of SSNTD. And also, the Vt/Vb is called as etch rate ratio. Figure 2.2 shows the 
ideal etch pit profile. 
 
Fig. 2.2 An ideal etch pit profile at constant Vt. 
 
The relation between etch pit tip angle  and etch rate ratio can described as: 
 
SV
V
t
b 1sin  , (2.2) 
From Eq. 2.2, the etch pit tip angle indicate the etch rate ratio directly, but tip angle is hard to obtained 
by usual optical microscope observation. 
 Here, it assumed that the Vt is constant. The etch rate ratio S will be constant, because of Vb is 
always constant in usual chemical etching treatment. In this case, etch pit profile will be ideal conical 
shape and the sensitivity can be described as follows: 
where, r is etch pit radius and G is thickness of layer removed as shown in Fig. 2.2. Practically, Eq. 2.3 
is applied to determine the sensitivity of etch pit, because these parameters can be easily to obtained by 
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optical microscope observation. 
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


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





G
r
G
r
S . (2.3) 
However, the etch rate ratio will be changed which depends on the depth in SSNTD, i.e. the 
sensitivity will change with the etching time, because of the stopping power is not constant in SSNTD. 
Figure 2.3 shows the sensitivity of alpha-particles for etching time 2 h and 5 h. 
 
Fig. 2.3 Etching time dependence of etch rate ratio. 
 
These results indicate higher sensitivity shows with shorter etching time at the same energy. Namely, 
track etching speed is not constant in SSNTD. 
 Accordingly, the etch rate ratio of SSNTD will be considered with the depth dependence of 
track etching speed as a function of depth in detector. Figure 2.4 shows the etch pit profile with the 
depth dependence of track etching speed. Each point is named as shown in Fig. 2.4. 
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Fig. 2.4 Etch pit profile for various track etching speed. 
 
An ion was entered into the SSNTD with normal incidence from point O. The horizontal axis x 
indicates the depth in detector and the vertical axis y indicates the surface direction. The dashed line 
indicates the previous etch pit profile of the solid line one. Here, it has been considered that the creation 
process of point B. One of the two way to the point B is O’B, which is occupied only bulk etching 
process. The other way is consisted of OA’ (track etching) and A’B (bulk etching). The point B is 
created by the same etching time, thus the Eq. 2.4 has been obtained, 
 
 

x
bt
x
b V
BA
xV
d
V
BO
0
''
, (2.4) 
where, Vt(x) is track etching speed with depth dependence. The left side indicate the time to etch O’B 
by bulk etching speed. And the right side indicate the time to etch OA’ with track etching speed and 
A’B with bulk etching speed. 
 The distance of AA’ and A’B can be described as follows using the coordinates of the point in 
Fig. 2.3 and Eq. 2.2: 
 
 
xG
xS
rAA 


1
1
'
2
, (2.5) 
 
 
  1sin
'
2




xS
xS
r
xG
BA

. (2.6) 
When the substitute Eq. 2.6 for Eq. 2.4 and multiply Vb for both side, Eqs. 2.7 and 2.8 are obtained, 
  
 
  12 

xS
xS
rxhG , (2.7) 
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  
 
dx
xS
xh
x
 0
1
, (2.8) 
where, h(x) is integration of a reciprocal of the sensitivity with depth dependence S(x). From Eqs. 2.5 
and 2.7, the etch pit radius r and the thickness of layer removed G are described as follows: 
     
  1
1



xS
xS
xhxr , (2.9) 
 
   
  1


xS
xhxxS
G . (2.10) 
Thus, the coordinates of the point B has been described. Using these formulae, the etch pit profile can 
be obtained by etch rate ratio with depth dependence S(x).  
 On the other hand, the etch pit growth curve is obtained by multi-step etching technique, which 
the chemical etching and the microscopic observations of pit size are repeated. The slope of the etch pit 
growth curve  is described as follow: 
 
 
  1
1
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














xS
xS
dx
dG
dx
dr
dG
dr
 . (2.11) 
The etch rate ratio S(x) can be derived from Eq. 2.11. The relation between range of an ion R0 and 
residual range R, which is the distance from etch pit tip to the end of range, can described as Eq. 2.12. 
 xRR  0 , (2.12) 
where x is the distance between R0 and R. Using this relationship, the etch rate ratio can rewrite as a 
function of residual range R as follows: 
    
2
2
1
1




 xSRS , (2.13) 
 




 



2
1 2
0 rGRR . (2.14) 
The etch rate ratio, i.e. the response of SSNTD, can be calculated using the parameter which is obtained 
by multi-step etching technique and Eqs. 2.13 and 2.14. 
 
2.1.1.2 Determination of range in SSNTD 
 Figure 2.5 shows the etch pit profile before and after rounded out with solid line and dashed 
line, respectively. The round out is indicated that etching exceeded the range of particle. 
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Fig. 2.5 Etch pit profile before and after rounded out. 
 
The distance between each point is indicated in Fig. 2.5. The depth of the etch pit l will never change 
before and after round out. The lengths of the triangle ABC are described as follows: 
 0RGAB  , (2.15) 
 SrBC  , (2.16) 
  lRGCA  0 . (2.17) 
Appling the Pythagorean theorem for triangle ABC, the rs2 and R0 can be derived as follows: 
 
2
0
2 22 llRlGrS  , (2.18) 
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S
SS
2
22
0
4
1
. (2.19) 
From the Eq. 2.18, the squared radius rs2 is expressed as a linear function of G. Therefore, the growth 
curve of the etch pit squared radius after round out part will indicate the linear function. And also the 
range R0 can be determined from the slope of linear function, i.e. drs2/dG=2l, using Eq.2.19. 
Accordingly, the range R0 can be calculated by only using the usual parameter of the etch pit which is 
obtained by multi-step etching technique. 
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2.1.1.3 Evaluation of traveling direction 
The growth curve is defined as an evolution of the radius r of a basal plane of a conical etch pit 
as a function of the thickness G of a removed surface layer after the chemical etching process. Since r 
is connected with both of the bulk etch rate Vb and the track etch rate Vt, the detailed etch pit structure 
and the traveling direction of an ion with respect to the surface can be identified. Concerning etch pit 
structures, on the basis of the constant-two-velocity model [34], where Vb and Vt are assumed as 
constant, perfect conical profile etch pits are created in the case with normal incidence ions as shown in 
section 2.1.2.1. 
In actual experiments, however, the pit profiles usually deviate from the perfect conical to 
trumpet or bell profiles, because Vt varies along the etchable track depending on the rate of change of 
the stopping power, i.e., the traveling direction of the ion with respect to the surface. Fig 2.6 shows the 
relationships between etch pit structures and growth curve for three patterns of etch pit.  
 
Fig. 2.6. Relationships between pit structures and growth curves. (I) a trumpet profile, (II) a bell profile,  
and (III) a spherical phase. The broken lines represent cross-sectional profiles of the etched surfaces. 
 
The trumpet profile is created when the ions pass through the CR-39 surface from outside [case 
(I) in Fig. 2.6]. Since the stopping power along the track etching increases, Vt becomes larger with an 
increase in the etching depth. Therefore, the growth curve for r is characterized by a convex-downward 
increasing function of G. In this case, once the track etching reaches the end of the ion’s penetration 
range, Vt equals to zero and etching only with Vb, that is, over-etching, proceeds, resulting in rounding 
off the tip of the trumpet profile. A further etching beyond the particle range widens the trumpet profile 
wall, eventually resulting in a spherical shallow structure [case (III) in Fig. 2.6]. According to the 
comprehensive theory of etch pit [31,35], this final stage is characterized by the variation of the radius 
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squared r2, that is, r2 is linear to G, while the growth curve for r is characterized by a convex-upward 
increasing function of G. 
On the other hand, the bell profile is created when the ions passed through the CR-39 surface 
from inside [case (II) in Fig. 2.6]. In this case, since the stopping power along the track etching 
decreases, Vt becomes smaller with an increase in the etching depth. Therefore, the growth curve for r 
is characterized by a convex-upward increasing function of G. 
Accordingly, traveling direction for each ion can identified by etch pit growth behavior based 
on the multi-step etching technique. 
 
2.1.2 Characteristics of CR-39 
 CR-39 has the higher sensitivity than any other SSNTD material, because of the slow bulk 
etching speed Vb against the track etching speed Vt. And also, CR-39 keep extremely flat surface even 
after the chemical etching process. Therefore, CR-39 can detect protons and heavy ions with obvious 
etch pit open mouth. 
 When an ion entered into the CR-39, it creates semi-permanent local damage along the track. 
X-rays, gamma-rays, and electron also create semi-permanent damage, but the damage region spread 
widely and the damage density is lower than that of an ion. Therefore, X-rays, gamma-rays, and 
electron cannot produce any etch pit, only an ion can create the etch pit [16]. This is an advantage to 
use the CR-39 as ion detector in mixed radiation field such as laser-driven ion acceleration. 
Nevertheless, low linear energy transfer, low-LET, particle such as high energy protons which exceed 
the threshold of CR-39 cannot produce the etch pit. The low-LET particle also create the damage but 
the damage density is too low to create the etch pit. Table 2.1 shows the detection threshold of each 
type of CR-39 for protons. 
 
Table 2.1 Detection thresholds of CR-39 
BARYOTRAK ~3 MeV 
HARZLAS (TD-1) ~20 MeV 
HARZLAS (TNF-1) ~27 MeV 
 
 
Three type of CR-39, BARYOTRAK, HARZLAS (TD-1), and HARZLAS (TNF-1), are provided by 
Fukuvi Chemical Industry Co., Ltd, Japan. BARYOTRAK were produced from the highly purified 
monomer. HARZLAS (TD-1) which contain a small quantity of antioxidant shows the higher 
sensitivity than BARYOTRAK up to 20 MeV. HARZLAS (TNF-1) has the highest sensitivity in 
CR-39 detectors, which is copolymerized with NIPPAm. 
 The maximum observable fluence is also threshold for CR-39 detector. Table 2.2 shows the 
threshold of the fluence in the cases of using optical microscope and atomic force microscope, AFM. 
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Table 2.2 Maximum observable fluence 
Optical microscope ~105 ions/cm2 
AFM ~109 ions/cm2 
 
The usual chemical etching process is performed in 6M-KOH solution kept at 70℃ for more than 1 
hour, and the size of etch pit open mouth was enlarged more than a few m to observe by optical 
microscope. In this case, if the fluence exceeded the threshold, the precise observation cannot be 
carried out because the etch pits are overlapped each other. In the special case, the threshold is raised 
up to 109 ions/cm2 by combination of AFM and short time etching. 
 The next topic is the thickness of layer removed G of CR-39. The thickness of layer removed is 
a critical important parameter for analysis of CR-39. In section 2.1.1, the thickness of layer removed 
has been utilized to determine the ranges and traveling directions. Generally, the bulk etching speed is 2 
m/h for CR-39, but it is necessary that more detail value of the thickness of layer removed to precise 
analysis. A few methods exist to evaluate the thickness of layer removed such as AFM method [36]. In 
this study, the thickness of layer removed has been determined by the etch pit size which created by 
fission fragment. Figure 2.7 shows the cross sectional view of the etch pit which created by the fission 
fragment from 252Cf. 
 
Fig. 2.7 Etch pit profile of fission fragment from 252Cf. 
 
The fission fragment, which is consisted by a few MeV heavy ions such as Xe ion, can irradiate by 
using 252Cf spontaneous fission source. Such heavy ions create large damage which correspond to the 
etch pits with the sensitivities more than 100, because of the large stopping power in CR-39. The 
damaged regions are etched instantly, i.e. track etching process is finished very quickly, and then the 
etching process was occupied by bulk etching speed. Therefore, the etch pit radius and the thickness of 
layer removed will became the same as shown in Fig. 2.7. 
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2.2 ZnS(Ag) fluorescent screen 
The ZnS(Ag) fluorescent screen with the thickness of several-tens micrometer has been 
developed for single shot diagnosis of laser-driven ion beam. In order to diminish the noise signals 
from the contaminants such as laser-accelerated electrons and X-rays, thickness of the fluorescent 
screen has been optimized based on the Bethe-Bloch equation. For the fluorescence material, the silver 
doped zinc sulfide, ZnS(Ag), has been employed because of the higher luminescence and longer decay 
constant (200 ns) than plastic scintillator [37]. The response of developed fluorescent screen was 
characterized by high energy protons from the conventional accelerator in Hyogo Ion Beam Medical 
Center, HIBMC. 
 
2.2.1 The Bethe-Bloch equation for ions and electrons 
 Generally, it is necessary to consider the signal to noise (S/N) ratio of the ion signals to the 
background signals, such as X-rays and electrons when using the scintillator as an ion detector. In the 
case of laser-driven ion acceleration, the background noises are mainly generated by the electrons that 
collide with the fluorescence materials, because the energy deposited on the scintillator of an X-ray 
(~tens keV) is smaller than that of an electron (~tens MeV) by three orders of magnitude. It is 
necessary that a scintillator has small deposition energy from electron collision to improve the S/N 
ratio. 
 Bethe and Bloch developed the following equation for the energy loss of an electron that has 
collided with a material: 
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where, Eelec is energy of the electron, xelec is the distance travelled by the electron, e is the velocity of 
the electron which is normalized with the light speed, e is elementary charge of the electron, me is 
electron rest mass, n is electron density of the material, I is mean excitation potential of the material, ε0 
is vacuum permittivity, and  is density correction. 
 The electron density of the material can be calculated by, 
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, (2.21) 
where  is the density of the material, Z and A are the atomic number and mass number, respectively, 
NA is Avogadro number, and Mu is the molar mass constant. Then, the Bethe-Bloch equation can be 
substituted as 
  If
dx
dE
elec
elec
elec , , (2.22) 
where f(elec , I) is function of the electron velocity and the mean excitation potential. 
 On the other hand, the Bethe-Bloch equation for the energy loss of an ion is given by 
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where Eion, xion, and i are physical quantities similar to those used in Eq. 2.20, and z is the particle 
charge. And then, the energy loss of an ion can be described as follows: 
  Ifz
dx
dE
i
ion
ion ,2  . (2.24) 
Therefore, the energy loss of an ion in a material depends on the charge, velocity of the particle, and 
means excitation potential. 
 In order to increase the S/N ratio of the fluorescent screen, the scintillator should be optimized 
to the energy loss (deposited energy on the scintillator) of the ion and electron. For the optimization, it 
is necessary to calculate the deposited energy ratio of the ion to the electron. 
 By integrating the dE/dx equation, the deposited energy is obtained as follows: 
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 Substituting Eq. 2.25 into Eqs. 2.24 and 2.22, the following equation is obtained: 
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In Eq. 2.26, the electron speed is mostly assumed to be the speed of light (e ≈ 1.0), and if I is 
fixed as Iscinti with the scintillator, the energy deposited on the scintillator can be calculated as 
      xConstantdxIf scinti
x
elecscintie 0 , . (2.27) 
Finally, the equation for the deposited energy ratio in the scintillator is 
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 According to Eq. 2.28, the deposited energy ratio depends on the thickness of the scintillator: x, 
the scintillator material: Iscinti, the amount of ion charge: z, and the energy of the ion: i. Therefore, to 
optimize a fluorescent screen as the laser-accelerated ion detector, z should be larger and x should be 
smaller. 
 
2.2.2 Optimization of the fluorescent screen 
 To use Eq. 2.28, the S/N ratio on the scintillator must be calculated analytically. On the other 
hand, the influence from secondary particles generated by nuclear reaction processes is not defined in 
detail in this equation. Accordingly, Monte Carlo particle transportation code PHITS (see section 2.3) 
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was employed to calculate the deposited the energy for the fluorescent screen. 
 In the present study, the silver doped zinc sulfide, ZnS(Ag) [38], has been applied for the 
scintillation material. Thanks to the long decay constant, ZnS(Ag) scintillation can be easily obtained 
the image by using usual charged coupled device, CCD. Although, the ZnS(Ag) is a crystal powder 
with the 2 m diameter, the design of fluorescent screen on PHITS calculation has been assumed as 
shown in Fig. 2.8 to use as ion detector practically. 
 
Fig. 2.8 Structure of the fluorescent screen. The ion deposits the energy on the ZnS(Ag) layer  
and generates photons corresponding to the energy. 
 
Figure 2.8 shows the cross sectional view of the fluorescent screen. The ZnS(Ag) powder composed of 
particles with a radius of 2 μm and a density of 4.09 g/cm3 is mixed with an acrylic resin and spread 
onto a 100 nm evaporated aluminum substrate that is adhered to a 4.0 μm polypropylene layer. The 
luminescence caused by the deposited energy of the ions is reflected by the evaporated aluminum side, 
which increase the amount of light. 
 Figure 2.9 shows the calculation result of deposited energy ratio on the ZnS(Ag) scintillator of 
a proton (a) and C6+ (b) to an electron as a function of energy. 
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Fig. 2.9 Calculation result of the deposited energy ratio of an ion to an single electron  
on a ZnS(Ag) scintillator using the PHITS code for proton (a) and C6+ (b). 
 
The deposited energy ratio of (a) a proton to an electron and (b) a C6+ to an electron on the Zns(Ag) 
scintillator are calculated at various thickness, such as 20 m, 100 m, 1 mm, and 5 mm. The deposited 
energy ratios of a proton and a carbon to an electron with the same kinetic energy are displayed at each 
point. Less than 10 MeV protons indicate the S/N ratio ~1 for a 5.0 mm thick scintillator. This result 
reflects the facts that increase of denominator in Eq. 2.28 because the deposited energy of the electron 
increases in proportion to the thickness of the scintillator. When compared the Figs. 9 (a) and (b), the 
S/N ratio of the carbon is higher than that of the proton. This trend is also apparent in Eq. 2.28 as the 
factor z2. 
 From the result of PHITS calculation, a scintillator, which is thinner than 100 m, is suitable 
for the protons detection. Therefore, the thickness of ZnS(Ag) and acrylic resin has been determined as 
20 m. 
 
2.2.3 Calibration of the fluorescent screen 
In order to clarify the response characteristics for high energy protons, the calibration 
experiment of the fluorescent screen has been carried out by using the conventional accelerator in 
Hyogo Ion Beam Medical Center, HIBMC. 
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Fig. 2.10 The schematic top view of the response characterization experiment  
for the developed fluorescent screen. 
 
Figure 2.10 shows the schematic top view of the experimental set up. The proton beams from 
synchrotron were delivered to the horizontal irradiation port, and then irradiated to the fluorescent 
screen which is installed perpendicular to the beam traveling direction. The luminescence was reflected 
to the 90 degree to the beam direction and the image was observed by CCD for each shot, because the 
CCD sensor can be easily damaged by ionizing radiation. 
Firstly, the response characterization for the number of incident ions was carried out. In this 
characterization, 80 MeV protons were irradiated. Figure 2.11 shows the luminescence images obtained 
by CCD (a) and spatial intensity distributions on the fluorescent screen at the various number of 
incident ions (b). 
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Fig. 2.11 The luminescence images of the fluorescent screen (a) and the spatial intensity distributions  
for y position (b). 
 
From the result of Figure 2.11 (b), the spatial distributions of a proton beam was clearly obtained by the 
luminescent screen. And the brighter luminescence has been obtained with increasing the number of 
incident ions.  
 
Fig. 2.12 The response curve of the fluorescent screen as a function of the number of incident ions. 
 
Figure 2.12 shows the intensity calibration curve as a function of the number of incident ions. This 
trend line was obtained by plotted points which are evaluated values of each integrated area below the 
spatial distribution curve. From the correlation between the number of incident ions and luminescence 
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intensity, the developed fluorescent screen has the good linearity for the number of incident ions. The 
x-intercept of the calibration curve, indicated by arrow in Fig. 2.12, which is 1×106 ions/cm2, is 
correspond to the minimum detection intensity of the CCD device, 0.4 lx. Therefore, this system can 
diagnose from 1×106 ions/cm2 to the 80 MeV protons. 
 Secondly, the response characterization for the energy of incident ions was carried out. In this 
characterization, the fluenece of protons were fixed at 8×104 ions/cm2 and the energies were varied 
from 5 MeV to 230 MeV by synchrotron and energy filters. Figure 2.13 shows the intensity calibration 
curve as a function of the stopping power in water. 
 
Fig. 2.13 The response curve of the fluorescent screen as a function of the stopping power of incident 
ions. 
 
The arrow in Fig. 2.13 indicates protons with the energy of 150 MeV. From this trend line, the linearity 
has been confirmed from 5 to 150 MeV. More than 150 MeV protons cannot create the enough 
luminescence for the CCD because of the low deposited energy. Therefore, this system can apply for 
the diagnosis of proton beams from 5 MeV to 150 MeV with good linearity. 
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2.3 Calculation code for particle transportation 
2.3.1 Particle and heavy ion transportation code, PHITS 
A general-purpose Monte Carlo particle and heavy ion transport code system (PHITS) [39] that 
is based on various quantum dynamics models and evaluated nuclear data libraries for simulating 
three-dimensional nucleus-nucleus interactions was used. From the PHITS version 2.52, the evaluated 
cross sections in the giant resonance region for photo-nuclear reaction have been included. The PHITS 
software can predict the various scattering phenomena and the secondary particles from quantum 
reaction processes in the experimental configuration. 
In this study, the precise behaviors of the laser-accelerated particles were evaluated in the 
experimental setups which were reconstructed on PHITS code. In order to increase the reliability of the 
ion detectors, the secondary particles from the result of nuclear reactions were also calculated (section 
4.2.2.3 and 5.1).  
Additionally, PHITS code has been applied to the development of the fluorescent screen to 
optimize the S/N ratio (section 2.2.2). The design of the ion detector system, which is diminished the 
photo-neutron fluxes, has also been carried out using PHITS code (section 6.2). 
 
2.3.2 Three-dimensional electro-magnetic field analysis software AMaze 
 Three-dimensional electro-magnetic field analysis software package AMaze [40] include 4 
programs the names of MetaMesh, Magnum, HiPhi, and OmniTrak. MetaMesh can create the three 
dimensional mesh of the input experimental configuration. Magnum and HiPhi calculate the magnetic 
field and electric field, respectively, by the finite element method using the mesh which is created by 
MetaMesh. Then, the charged particles trajectories in the experimental configuration have been 
calculated by the OmniTrak. Therefore, the precise experimental configuration can be designed by 
using AMaze. 
 Compared with the PHITS code, AMaze can reconstruct the magnetic field and electric field 
almost as same as the measured fields (see 3.3.2.1). So the trajectories of charged particles which pass 
through the magnetic field and electric field are more reliable than PHITS code in details. However, the 
particle will be stopped when it hit the materials, because AMaze has no models and libraries of nuclear 
reactions. Therefore, the combination of PHITS code and AMaze can be a powerful calculation tool for 
the design of the experimental Configuration. 
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Chapter 3 Laser-Driven Ion Acceleration Experiments using Solid Targets 
 
3.1 Outline of the laser-driven ion acceleration experiments using solid targets 
In this section, the laser-driven ion acceleration experiment using thin foil target conducted 
with the J-KAREN laser at JAEA-KPSI has been explained. Figure 3.1 shows the schematic of the 
experimental setup in focusing chamber. 
 
Fig. 3.1 A scheme of the laser-driven ion acceleration experiment with  
target normal Sheath acceleration mechanism. 
 
 A J-KAREN laser pulse comes from the right side of the plane and focused on a target foil with 
45 degree by using an off-axis parabolic mirror. When an intense laser pulse focused on thin foil target, 
a laser field-driven force accelerates many electrons to relativistic velocity, and also some of these 
electrons pass through the thin target and generate a strong electrostatic accelerating field exceeding 1 
MV/mm. It is achieved that the laser-accelerated proton energies to several MeV. This acceleration 
mechanism is called Target Normal Sheath Acceleration, TNSA [12]. With this mechanism, ions with 
high Z/m ratio are preferentially accelerated, and thus protons of hydrocarbons and water on the surface 
are accelerated most effectively. Recently, the energy of laser-accelerated protons has increased that the 
energy of laser-accelerated proton more than several-tens MeV as increasing the intensity of laser [6].  
 Here, notice that the traveling direction of laser-accelerated ions and the electrons with TNSA 
mechanism. The ions are accelerated to the target normal direction, on the other hand, the electrons are 
accelerated to the same direction of the laser-axis. The ion detector, set at the target normal direction, is 
less influenced by the contaminants such as laser-accelerated electrons and secondary particles from 
high energy electrons. Therefore, the on-line detector such as plastic scintillator can relatively easy to 
apply as ion detector for TNSA experiments. For example, time-of-flight, TOF, method using plastic 
scintillator has been succeeded to detect a few MeV protons [20].And also the on-line Thomson 
parabola, TP, systems were developed using Micro Channel Plate, MCP, with phosphor screen [21]. 
Both techniques can obtain the energy spectrum of laser-accelerated ions shot by shot. Especially, 
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Thomson parabola could obtain high accuracy of charge resolution, but MCP with phosphor screen 
detector loses the detection efficiency as increasing the particle energy. And also TOF causes gradual 
loss of accuracy of energy resolution of high energy component as increasing the particle energy.  
 Accordingly, stacked CR-39 detector is one of the candidate detector to obtain the maximum 
energy of the laser-accelerated particles with more detailed measurement. And also the developed 
fluorescent screen is also the candidate detector to obtain the two-dimensional on-line imaging such as 
detection part of TP system.  
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3.2 A high energy component of laser-accelerated protons from thin foil target detected by 
stacked CR-39 
As a frontier experiment, stacking method of track detectors has been applied to diagnose the 
spatial distribution and ion energy roughly in the field of laser-driven particle acceleration. 
Unfortunately, it have not been carried out the precise analyses for etch pits including etch pit growth 
behavior, therefore, it is fail to perform full potential of CR-39. 
In the present study, it has been demonstrated that the precise measurement of laser-accelerated 
protons with CR-39 stacked detector, which reach full ability of CR-39. By means of multi-step etching 
technique, the determination of maximum energy of protons was performed with higher energy 
resolution than the past research. 
 
3.2.1. Laser-driven proton acceleration experiment 
In the present study, the J-KAREN laser pulses of 8 J are delivered to the experimental 
chamber. The pulse duration of the laser is 40 fs in full width at half maximum (FWHM). In this 
experiment, polyimide film with 7.5 m thickness was used for the target, which positioned at the laser 
focus. 
Figure 3.2 shows a cross sectional view of the 70×70 mm2 wide ion detector unit used in the 
present experiment, which consists of a 13 m thick Al foil filter, 105 m thick radiochromic film 
(GAFCHROMIC HD-810), and 8th layer stacked CR-39 (HAZLAS TD-1, Fukuvi Chemical Industry) 
with a nominal thickness of 0.9 mm. The Al foil filter was placed in front of this track detector to 
protect it from damage induced by the transmitted portion of the main laser pulse and also low energy 
particles below 1 MeV/n caused by coulomb explosion. In the present study, laser-driven particle 
acceleration experiment has been carried out in evacuated chamber below 10-3 Pa. The storage times in 
vacuum before and after shot are limited less than 15 min. Therefore, it is no need to consider that the 
degradation of sensitivity for CR-39 detectors by the vacuum effect [41]. 
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Fig. 3.2 Cross sectional view of the laser-driven particle acceleration experimental set up with  
polyimide film target.  
 
  After irradiation, CR-39 samples were chemically etched in a stirred 6 M-KOH solution kept at 
70℃ for total 19 h using the multi-step etching technique [42]. Surface observations on the etched 
samples were made under an optical microscope (BX60-F3, OLYMPUS), which is operated on PC 
with an image processor (WinROOF Ver 5.04, MITANI Corporation). 
 
3.2.2. Result and discussion 
  Figure 3.3 shows the optical images of the CR-39 detectors, Fig. 3.3(a) is indicating the first 
layer, Fig. 3.3(b) is the second layer and Fig. 3.3(c) is the third layer, which obtained by optical scanner 
after the 1.5 h chemical etching process. As shown in these photographs, one can identify three 
different regions in brightness. In the brightest area in Fig. 3.3(a) and (b), the CR-39 layers have etch 
pits on both front and rear surfaces. In the gray areas with medium brightness the layers have etch pits 
only on the front surface. In the darkest area in Fig. 3.3(b) and (c), there is no etch pit except from the 
scattered ions from experimental system. We could observe the etch pits from first layer to front 
surface of third layer, i.e., incident protons into the third layer of CR-39 are high energy component 
including maximum energy proton in the laser-accelerated protons. And also, these pictures indicate 
that the low energy component which generated by coulomb explosion has very large divergence and 
the high energy component is good directional beam.  
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Fig. 3.3 Spatial distribution of laser-accelerated proton beam from view of beam axis  
appeared on CR-39 detectors. The brightest areas have the etch pits on the both rear and front surface,  
the gray areas with medium brightness have etch pits only on the front surface and the darkest area has  
no etch pit except from scattered particles. 
 
The numbers of etch pit on the third layer are 107 ions/cm2 at the beam center and 105 ions/cm2 
at beam halo. Note that the maximum observable fluence on CR-39 would be limited below 105 
ions/cm2 under the optical microscope, because of the etch pits overlapping. Therefore, the precise 
measurement of etch pit radius could have not been carried out at the beam center, then the analysis has 
been carried out at beam halo. About 70 etch pits have been observed at the beam halo with multi-step 
etching technique, in which the etching and the microscopic observations are repeated every 30 min 
with chemical etching until all etch pits were round out, in other words etch pit in spherical phase. 
 
 
Fig. 3.4 Optical microscope image of etch pits on front surface of third layer, chemical etched 19 h. 
 
Fig. 3.4 shows an optical microscopic image for the etched CR-39 detector in the third layer. 
The total bulk etch is 55 m. In the present study, the analysis focused on the numbered etch pits as #1 
and #2, and follow their growth behavior, which have relatively clear contrast at the boundaries 
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compared to the others. As described in the followings, all etch pits in this figure are in spherical phase, 
where the pit wall is totally formed by the bulk etching starting from the track end-points. Evolution 
behavior of etch pits has been investigated well from the viewpoint of etch pit geometry [31]. As long 
as the bulk etch rate is constant, the growth rate of squared pit radius is proportional to the bulk etch G, 
i.e., the thickness of layer removed, in the spherical phase. Based on the etch pit growth curve, plotting 
the squared radius against the bulk etch, the projected range R0 can be obtained by using the next 
relation, 
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where r is etch pit radius and dr2/dG is slope of the squared radius against the bulk etch. Fromm et al. 
have derived the identical relationship with different formulation and demonstrated its validity for 
protons and alpha particles with various incident energies [43]. 
Figure 3.5 shows etch pit growth curves for #1 and #2, plotting each radius as a function of the 
thickness of layer removed. As shown in this figure, the slopes for the curves increase gradually up to 
the points indicated by each arrow. These are caused by the depth dependence of the track etch rate 
around the Bragg peaks. In the deeper etching after each indication by the arrows, the curves begin to 
saturate. These are results of the staring of the spherical phase. 
 
Fig. 3.5. Etch pit growth curve with multi-step etching, plotting radius of numbered etch pit in Fig. 3.4.  
The arrows indicate the starting point of the spherical phase. The dotted lines correspond to the fitting 
lines in Fig. 3.6. 
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Fig. 3.6 indicates the etch pit evolution behavior plotting squared radius. Both etch pit growth 
curves have straight sections in the deeper etching regions after each arrow. It is obvious that etch pits 
#1 and #2 in Fig. 3.4 are in spherical phase from the present diagram. The slope of the squared pit 
radius against the bulk etch was attained by the least squared fitting as shown in Fig. 3.6 with broken 
lines. The starting points of the spherical phase were selected as the fitted lines have larger correlation 
coefficient. From the attained slope of linear sections and etch pit radii at the bulk etch of 55 m, the 
projected range has been calculated in third layer of CR-39 using Eq. 3.1. 
 
Fig. 3.6. Etch pit growth curve with multi-step etching, plotting squared radius of numbered etch pit  
in Fig. 3.4. The arrows indicate the starting point of the spherical phase. These straight dotted lines 
indicated the fitting curve of linear section, which parts are equal to the etch pits in spherical phase. 
 
The evaluated ranges in the third layer of CR-39 are 63.23 m and 61.62 m for etch pits #1 
and #2, respectively. Then, the proton energy has been estimated from total range in detector unit with 
SRIM code [44]. Note that the thickness of CR-39 detectors has variability, nominal thickness is 0.9 
mm, actual thicknesses which measured by micrometer are 819 m and 822 m for the first and the 
second layer, respectively. For example, the proton, created etch pit #1, passed through the first and 
second layers and reached third layer, i.e., it passed through 1704.23 m in CR-39. Figure 3.7 shows 
the relation between incident energy and range of proton in CR-39.  
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Fig. 3.7. Relation between incident energy and range of proton in CR-39 calculated by SRIM code. 
 
As shown in Fig. 3.7, the proton with an incident energy of 9.14 MeV will stop just on the rear surface 
of the first layer or on the front surface of the second layer. The other example tells us proton with 
13.50 MeV will stop on the rear surface of the second layer or on the front surface of the third layer. 
Total range of proton which produced etch pit #1 is 1707.23 m, simply adding the thickness of the 
first and second layers, and the evaluated proton range in the third layer. Using this diagram, the values 
of 13.75 MeV can be derived on the first layer as the incident energy of the considering proton. This 
proton had passed through the both Al foil and the radiochromic film before arriving at the CR-39 stack, 
as shown in Fig. 3.2. So the proton energy of 14.39±0.05 MeV can be derived as generated from the 
target, taking into account the energy reduction in these other materials. Similar analysis for etch pit #2 
gives us proton energy of 14.37±0.05 MeV. 
As an alternative method, it has been determined that the maximum energy of laser-accelerated 
protons by TOF method. The energy resolutions of ordinary TOF method are E±1 MeV at the 
energy more than 10 MeV. Therefore, in the present study, it is first time to decide the maximum 
energy with uncertainty E=0.1 MeV in the field of laser-driven particle acceleration experiment. 
 
3.2.3. Conclusion 
  In the present study, the precise measurement of laser-accelerated protons with CR-39 stacked 
detector unit has been demonstrated, which reach full ability of CR-39. Thanks to the stacking, the 
proton energy higher than 10 MeV can be measured, which penetrate a single CR-39 sheet with the 
thickness of 0.9 mm. By means of multi-step etching technique, it has been determined that the 
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maximum energy of protons was 14.39±0.05 MeV in this laser-driven proton acceleration experiment. 
This method, using stacked CR-39 detector unit, allows us to measure the energies with uncertainty 
E=0.1 MeV which is ten times higher in resolution compared to TOF ordinary measurement in the 
field of laser-driven particle acceleration experiment. 
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3.3 On-Line Thomson Parabola Spectrometer System for Laser-Accelerated ions 
3.3.1 Principle of Thomson parabola spectrometer 
 The principle of Thomson parabola spectrometer is shown in Fig. 3.8. The system has been 
applied electric field and magnetic field to parallel direction. The accelerated ions were collimated with 
the pinhole.  
 
Fig. 3.8 Principle of Thomson parabola system. 
 
The collimated ions were deflected to the y direction by the electric field depends on the charge state 
and the x direction by the magnetic field depends on the momentum. The deflection of the x and y axis 
can describe in SI unit as Eq. 3.2 and Eq. 3.3. 
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where Z is charge number, e is elementary charge, E is electric field, B is magnetic field, l is magnetic 
and electric field distance, L is distance from the magnetic and electric field end to the ion detector, m is 
mass of the particle, and v is the velocity. 
Using these equations, the Eq. 3.4 can be obtained, 
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Where 2E/B2l2 is defined by the design of equipment. Therefore, the ions of a fixed m/Z create a unique 
parabolic trajectory on the ion detector. The Thomson parabola system can be an efficient diagnostic 
system for laser-accelerated ions, because the multi-charged and wide-spread energy ions were 
generated in the laser-driven ion acceleration experiments. 
 
3.3.2 Experimental Layout and Simulation of Particle Transport  
3.3.2.1 Thomson parabola spectrometer with a long flat topped B-field 
 In order to achieve a high resolution of the charge-to-mass ratio and the kinetic energies of the 
ions, the Thomson Parabola (TP) spectrometer typically requires the strengthening of the peak B-field 
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and E-field. If neodymium magnets and non-magnetic material (copper or aluminum) electrodes are 
used to obtain a strong magnetic field, the B-field distribution is a “non-flat topped shape” in the central 
part of the electrode, and has a bell-shaped distribution [45]. For a higher resolution, a magnetic field 
distribution that has a long flat portion is required. A magnetic material (in this case, iron) is used in the 
electrodes for obtaining “long-flat-topped distribution,” thus, the energies of the ions located on the 
detector can be analyzed with good accuracy.  
 
Fig. 3.9 (a) Photograph of the TP used for this study. A long-flat-topped B-field is created with  
a neodymium magnet and an iron electrode. (b) Geometry used in the AMaze software 
 
 Figure 3.9 (a) shows the TP spectrometer made with neodymium magnets that are 5 cm long in 
the z-axis direction. In order to predict the ion orbits with high accuracy, it is important to apply the 
B-field and E-field that are actually measured. The detailed 3D distributions of the B-field and E-field 
in the TP spectrometer, Fig. 3.9 (a), are calculated with the 3D Band E-field analysis software AMaze. 
Figure 3.9 (b) shows the input geometry which reconstructed on AMaze for calculating the 3D B-field 
and E-field. The calculated result for the B-field at (x, y) = (0, 0) in the Z direction is shown as the red 
line, and the measured magnetic field distribution is shown as blue dots in Fig. 3.10.  
 
Fig. 3.10 Predicted magnetic field using the AMase software (line) and the measured value (dots).  
The length and width of the installed neodymium magnet are 5.0 cm. 
35 
 
Both distributions exhibit the shape of a dipole field with field strength of 0.6 T. The use of this long 
flat topped B-field increases the confidence in the analysis of the ion energy.  
 
3.3.2.2 Simulation results of integrated depositions for the experimental layout 
 The ratio of the deposited energy of a single-ion event to a single electron event is shown in 
Fig. 2.9. In actual experiments, however, numerous electrons are produced in the laser-plasma 
interaction. While some electrons reach the fluorescent screen directly, some others are scattered 
against the chamber wall toward the fluorescent screen and increase the background signal. Others are 
converted to X-rays at the chamber walls and also increase the background level of the fluorescent 
screen. The integrated depositions caused by multiple electron events from the plasma are calculated. 
The characterization of the fluorescent screen for the on-line TP is executed for the experimental layout 
as shown in Fig. 3.11.  
 
Fig. 3.11 Experimental layout for the characterization of the on-line TP. Distance between the laser 
irradiation point and the TP is 45 cm, and that between the TP and the detector location is 50 cm. 
 
 A 1.5 mm pinhole has been set in front of the TP spectrometer. The simulated result for the 
particle flux in the x-z plane is shown in Fig. 3.12. The trajectories of the electrons and protons in the 
energy band from 2.5 to 50 MeV are shown using a color scale in units of normalized flux (normalized 
by the total number of protons and electrons at the source). The electrons are bent by the B-field in the 
TP spectrometer, so that some electrons penetrate through the vacuum chamber wall and do not return 
to the system.  
36 
 
 
Fig. 3.12 Simulated results for the particle flux in the x-z plane orbit using the PHITS software  
for the experimental layout. The color scale indicates the simulated particle distribution.  
The fluorescent screen is installed at a distance of 100 cm from the source. 
 
The results in Fig. 3.12 demonstrate that there is no positional dependence of the deposited energy on 
the electrons scattered from the chamber wall. The deposited energy ratio of the TP (integrated along 
the horizontal direction) on the fluorescent screen in the experimental layout is shown in Fig. 3.13.  
 
Fig. 3.13 Results of the simulation of the integrated proton to the electron deposited energy ratio  
on the fluorescent screen. The red line shows the deposited energy ratio of the proton to the average 
deposition of an electron on the fluorescent screen. 
 
Because the number of events of the electrons that are detected on the fluorescent screen is less than 
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that of the protons by three orders of magnitude, the deposited energy ratio of protons to electrons is 
improved to ~104. 
 
3.3.3 Result of on-line imaging experiment 
3.3.3.1 Calibration of number of ions with CR-39 
To measure the absolute dose deposition of the ions on the fluorescent screen, a solid-state 
nuclear detector (CR-39) is installed instead of the fluorescent screen as is shown in Fig. 3.9. Ions are 
generated by the irradiation of a 7.0-μm-thick polyimide tape target with a laser pulse. The J-KAREN 
laser system at JAEA-KPSI provides P-polarized laser pulses at an incidence angle of 45.0° with a 
central wavelength of 800 nm, a duration of 60 fs (full width at half maximum), and an energy of 2.0 J. 
Peak irradiances of up to 4.0×1019 W/cm2 are achieved on the target, and the intensity contrast ratio of 
the main pulse to that of the pre-pulse or pedestal component is set to 1011. Figure 3.14 reveals the 
trajectories of the ions measured using the CR-39 detector following a 20 min etching process with 
70℃, 6 M-KOH solution. The flux and energy calibration of the low-Z ions are performed using the 
results from the etched CR-39. 
 
Fig. 3.14 Trajectories of the ions obtained with the Thomson parabola spectrometer using a CR-39 
detector. The background is below 1.0 × 105 ions/cm2. 
 
In Fig. 3.14, the particles that make up the cloud of etch pits on the left side of the zero position 
are considered to be those having a neutral charge from the source (in the laser-produced plasma) 
and/or those that gained some amount of positive charge during the flight toward the detector. This 
figure shows many trajectories caused by carbons of various charged states. The flux of C2+ was 
measured to be 3.5 × 106 ions/cm2 at 1.25 MeV, energy spread of 0.28 MeV (full width), and that of 
C4+ was measured to be 3.9 × 106 ions/cm2 at 2.75 MeV, energy spread of 0.43 MeV (full width). The 
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measurable energy range of a proton for an etching time of 20 min is less than 1 MeV, and a carbon for 
same etching time is less than 6 MeV. The pit of the proton trajectory cannot be observed by an optical 
microscope, because the size of pits is smaller or equal to 1.0 μm, which is the limit of the resolution of 
optical microscope for an etching time of 20 min. With the measured data, the total number of ions that 
arrive at the detector through the pinhole was determined to be ~3 × 107. Although the parabola 
trajectory made by the ions with the charge mass ratio is 1/2 mainly consist of carbon C6+ events on the 
CR-39 detector, a small amount of nitrogen N7+ and oxygen O8+ events are also observed.  
 
3.3.3.2 Results of single-shot-imaging using the on-line 
 Figure 3.15 shows the measured ion trajectories using the fluorescent screen set at a position 
similar to that of the CR-39 detector in Fig. 3.9. For the observation of luminescence on the fluorescent 
screen, a standard charge-coupled device (CCD) is used. A CCD camera unit operated by an external 
trigger signal is placed approximately 1.0 m from the fluorescent screen surface. The specifications of 
the CCD were as follows: 8 bit, 0.8 megapixels, 0.4 lx minimum sensitivity. In this experiment, CCD 
has been used with an increased gain setting and a shutter speed of 0.001 s. 
 
Fig. 3.15 Measured results using the on-line TP with the fluorescent screen.  
The background noises are removed in these results.  
 
 
The typical image of the luminescence of the fluorescent screen using a color scale that corresponds to 
the CCD output without background noises. Because the pinhole size is relatively large (1.5 mm in 
diameter), the trajectory of the protons with the energies more than ~4 MeV merges into these of other 
ions and cannot be resolved. In addition, the background level was relatively large because the 
shielding of the external light between the CCD and the fluorescent screen was insufficient.  
 
3.3.4 Discussion 
The resolution of the analysis is limited by that of the CCD and thus, the sensitivity of the CCD 
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device is critical. To evaluate the sensitivity of the CCD, the integrated deposition on the fluorescent 
screen is simulated using the PHITS code. The energy distribution of the ions, which is obtained by the 
luminescence of the fluorescent screen that are used as input parameters for the simulations are shown 
in Fig. 3.16.  
 
Fig. 3.16 Energy spectrum of the ions assumed by the measured data, and it is used as  
the input for the PHITS calculation. 
 
For the generated C6+, C4+, C2+ carbons, and protons in the simulation, the assumed maximum energy of 
carbon is from 6 to 18 MeV which is depending on the charge state, and that of the proton is ~15 MeV. 
The measured peak energies of the number of carbon ions were obtained from the result of CR-39. 
Figure 3.17 shows the results of the simulation.  
 
Fig. 3.17 The calculation result of the deposited energy per single laser shot.  
The areas from yellow to red can measure with CCD, 0.4 lx. 
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In this simulation, the total number of ions was set that arrive at the CR-39 surface is ~3 × 107. The 
color scale is in units of the deposited energy on the fluorescent screen per CCD pixel with single laser 
shot, MeV/pixel/pulse, in the range from 9.4×103 to 2.0×102 MeV/pixel/pulse. On the other hand, the 
threshold of the deposited energy for the observation is ~1.3×103 MeV/pixel/pulse which is 
correspond to the minimum sensitivity of the CCD, 0.4 lx [46]. The area indicated by the color between 
red and yellow on Fig. 3.17 can be diagnosed, because of only the area with the deposited energy 
higher than the threshold for the observation can be measured on the on-line system. The calculation 
result is consistent to the measured trajectories shown in Fig. 3.15. 
Using this method, the system can design with a minimum sensitivity of CCD and the total 
number of ions that arrived at the fluorescent screen. Additionally, if an absolute calibration [47,48] is 
performed using a calibrated reference detector after designing of the on-line system and also the 
sensitivity of CCD is confirmed, the on-line diagnosis will be reliable. For example, using a sensitive 
CCD device such as an electron-multiplying CCD (minimum sensitivity is ~0.001 lx) in combination 
with TP, which can detect the luminescence of 100 MeV protons from the fluorescent screen, it will be 
possible to diagnose ions greater than 100 MeV/n in the future. 
 
3.3.5 Conclusion 
A thin fluorescent screen has been developed for an on-line TP spectrometer. Using the 
developed fluorescent screen, it has been developed that a new TP spectrometer system with the 
flat-top magnetic field. The first analysis of laser-accelerated ions by developed TP system at 
J-KAREN laser has been succeeded. The trajectories of the ions are measured by the fluorescent screen 
with a usual CCD camera. PHITS code, which is employed for the design of the fluorescent screen, can 
also calculate the trajectories. And calibration of the TP system has been carried out using CR-39. The 
result of calculation and CR-39 show the good agreement with the measured trajectories. Therefore, the 
various on-line TPs with fluorescent screen will be realized using this design technique. 
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Chapter 4 Laser-Driven Ion Acceleration Experiments using 
Cluster-Gas Targets 
 
4.1 Outline of the laser-driven ion acceleration experiments using cluster-gas targets 
In a field of laser-driven ion acceleration, development of target materials has been carried out 
in several research groups to increase the maximum energy of the ions and reveal the new ion 
acceleration mechanism. For example, carbon ions with the maximum energy of 15 MeV/n are 
accelerated by using a diamond like carbon foil with the thickness of 10 nm [49]. In the case of 
non-solid target, cluster-gas target attracts much attention in a field of laser-driven ion accelerations, 
because the energy of laser-accelerated ions are tenfold higher than the case of usual thin foil targets [8]. 
In this section, the outline of laser-driven ion accelerations using cluster-gas target have been 
introduced. 
The density of plasma which is created by intense laser is important to the efficient laser-driven 
ion accelerations via the interaction of intense laser with matter. The case of thin foil targets, it can 
create the over-dense plasmas which reflect the laser. On the other hand, the gas targets create the 
under-dense plasmas which absorb a few percent of the laser energy. These plasma densities are not 
optimized for efficient ion acceleration. However, these targets are difficult to control their density. On 
the other hand, the cluster-gas target which is embedded atomic clusters in background gases can 
control the density between the solid targets and gas targets. Therefore, the cluster-gas target can obtain 
the sub-critical density plasmas, which can effectively absorb the energy of laser, and it has the 
potential to generate high energy ions. 
Figure 4.1 shows one of the experimental setup for laser-driven ion acceleration using 
cluster-gas target in JAEA-KPSI.  
 
Fig. 4.1 Schematic view of a setup of laser-driven ion acceleration experiment using cluster-gas target. 
 
The focusing intense laser irradiate to the cluster-gas target. The cluster-gas target is produced by a 
three stage conical nozzle which is connected by pulsed solenoid valve [50]. Using 6 MPa gas 
consisting 90% He and 10% CO2, submicron size CO2 clusters can produce in He gas with this system 
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[51]. The accelerated ions were detected by stacked CR-39. 
 In the case of cluster-gas target, the directions of laser-accelerated ions and electrons are 
different from the case of solid targets. Figure 4.2 shows the direction of generated ions and high 
energy electrons from cluster-gas target. As described in section 3.1, in the case of thin foil targets, the 
ions are traveled to the target normal direction and electrons were accelerated the same traveling 
direction of laser. On the other hand, the generated ions were classified two components in the case of 
cluster-gas target. One of the two is generated by coulomb explosion of the clusters. The maximum 
energy of ions which were produced by coulomb explosion is approximately 1 MeV/n. And also, the 
ions which were classified as coulomb explosion component are radiate in all directions as shown in 
Fig. 4.2. 
 
Fig. 4.2 The travelling direction of generated ions and high energy electrons from cluster-gas target. 
 
The other component ions are accelerated by the vortex magnetic field which is produced by 
interaction of laser with cluster-gas target. Theoretically, the strong vortex magnetic field can produce 
high energy ions such as several-tens of MeV. These ions are accelerated to the same direction of laser 
travelling direction. And also, the accelerated electrons travel to the same direction, which can be 
crucial issue to diagnose the laser-accelerated ion beams. 
 In such case, ion detector system should be protected by the contaminants to reduce the noise 
signals. Accordingly, the ion beam diagnosis methods, which developed for thin foil target, are difficult 
to employ in the case of cluster-gas target. In the present study, the new simple diagnosis method has 
been developed for high energy ion beams using backscattered particles, which can use in a field 
contaminated with X-rays and high energy electrons. 
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4.2 The diagnosis method for high energy ion beams using backscattered particles for 
laser-driven ion acceleration experiments 
 In principle, however, it is impossible to detect ions with energies higher than the detection 
threshold limit of the CR-39 detector. In the case of BRYOTRAK, which is produced from the highly 
purified CR-39 monomer, it cannot detect He ions having energies of 40MeV or more. Therefore, a 
method to detect ions whose energies are far beyond the detection threshold limit of the CR-39 detector 
is required to further facilitate the laser ion acceleration experiments. Here, a new simple diagnosis 
method has been demonstrated for high energy ions to identify the ion beam profile and detect the 
presence of the high energy component beyond the detection threshold limit of the CR-39 detector. 
 
4.2.1 Experimental Methods 
 The proof-of-principle experiment for the new method was carried out at Takasaki Ion 
Accelerators for Advanced Radiation Application (TIARA) facility in JAEA,[52]) which deliver a 5 nA 
4He2+ ion beam with an energy of 100 MeV (25 MeV/nucleon). As shown in Fig. 4.3 (a), the intensity 
distribution of the incident 4He2+ ion beam had a 16×3mm2 vertically long structure, recorded using an 
imaging plate (IP; Fuji Film BAS-SR) covered with a 6 m thick Al foil protector, which blocks 
low-energy background particles in the vacuum beam line. The total fluence on the IP was adjusted to 
2.0×109 ions/cm2 by controlling the beam pulse duration using a beam chopper. 
 
Fig. 4.3 (a) Intensity distribution of the incident 100MeV 4He2+ ion beam recorded on  
the imaging plate (IP). Spatial distributions of etch pits on (b) the front and (c) rear surfaces  
of the CR-39.  
 
 Figure 4.4 shows a side view of the 70×140mm2 ion detector unit used in the present 
experiment, which consists of a 6 m thick Al foil protector, a 100 m thick CR-39 detector 
(BRYOTRAK), a 3 mm thick poly(methyl methacrylate) (PMMA), and a 2 mm thick Teflon. The rear 
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surface of the CR-39 detector is directly contacted onto the plastic plate (PMMA) which works as a 
backscatterer and a moderator. 
 
Fig. 4.4 Schematic cross-sectional view of the ion detector unit for the backscattering  
technique experiment, and four possible etch pit production processes (1)–(4). 
 
The detector unit was exposed to the ion beam with a total fluence of 2.0×108 ions/cm2. The irradiated 
CR-39 samples were chemically etched in a stirred 6M KOH solution at 70 ℃ for a total 6 h using a 
multi-step etching technique. 
 
4.2.2 Results and Discussion 
4.2.2.1 Observation of etch pits having elliptical opening shapes  
 The energy of an incident ion beam (100MeV) is far beyond the detection threshold limit 
(40MeV) of BARYOTRAK (Fukuvi Chemical Industry) for He ions, i.e., the stopping power of the ion 
is too small to create etchable tracks inside the 100 m thick CR-39 detector. However, in contrast to 
this fact, a large number of etch pits are observed in Figs. 4.3 (b) and 3(c), which show spatial 
distributions of the etch pits registered on the front and rear surfaces of the CR-39 detector, respectively, 
obtained by scanning the whole CR-39 surfaces by fast scanning microscopy (Seiko Precision 
HSP-1000). The spatial distribution for the rear surface well reproduces the intensity distribution of the 
incident ion beam, while that for the front surface is somewhat blurred. 
 The surfaces of the etched sample were examined in greater details by using an optical 
microscope (Olympus BX60-F3). It is found that most of the etch pits on the rear surface have elliptical 
openings, which indicates that high energy ions are obliquely entered into the CR-39 surface with 
random angles. On the other hand, almost no etch pit was observed when the single 100 m thick 
CR-39 detector without the plastic plates was exposed to the ion beam. 
These observations strongly suggest that the incident 100MeV He ions once passed through the 
CR-39 detector without creating any etchable track, and that various nuclear reactions were induced by 
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the incident He ions in the plastic plates. As a result, various product ions including intact He ions hit 
into the CR-39 detector from the rear surface, and etchable tracks were created on both the rear and 
front surfaces via processes (1) and (2) shown in Fig. 4.4. In fact, as shown in Fig. 4.5, the etch pit radii 
suggest that the pits are created by protons, He ions, and other heavy ions. Note that the range for 
100MeV He ions is calculated as 4.3mm in the plastic plates, and that the number of the etch pits 
having elliptical openings on the rear surface is about ten times greater than that on the front surface. 
 
4.2.2.2 Evaluation of traveling directions of ions with respect to the CR-39 surface 
 The etch pits located around the beam center were investigated by establishing their growth 
curves, in which the semi-minor axis of an elliptical-cone etch pit have been measured. Concerning the 
relationship between pit structures and growth curves, it has been examined that the growth curve 
behaviors for the semi-minor axis of an elliptical opening are identical to those for the radius of a 
circler opening. The multi-step etching technique, in which the chemical etching and the microscopic 
observations of pit size are repeated, is employed to establish growth curves. Figures 4.5 (a)-(c) shows 
typical microscopic images of the temporal evolution of etch pits. The results of the typical growth 
curve were analyzed for the three etch pits having elliptical openings (#1-#3) are shown in Figs. 4.5 (d) 
and (e). 
 
 
Fig. 4.4. Typical images of etch pits on the rear surface of the CR-39 detectors after etching for  
(a) 2, (b) 4, and (c) 6 h. The growth curves for the etch pits #1-#3, plotting with (d)  
the semi-minor axis r and (e) the squared one r2 as a function of removed surface layer G. 
 
 Since the growth curves for r and r2 for the pits #1 and #2 are expressed as convex-downward 
increasing functions of G, respectively, the pit structures can be categorized into the trumpet profile, 
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which means that the ions were passed through the rear surface from outside. Therefore, it can be 
concluded that the pits #1 and #2 are created by the backscattered particles. The microscope 
observations shown in Figs. 4.5 (a)-(c) show that the etch pits have different brightness, which is 
dominated by the pit profile. An etch pit with a sharp cone angle exhibits a dark opening like pit #1, 
which could be created by relatively heavier particles such as carbon. On the other hand, a shallow etch 
pit with a large cone angle shows a brighter center region like pit #2, which could be created by 
relatively lighter particles such as protons or He. Since the growth curve for r2 for pit #3 is linearly 
proportional to G, while that for r can be expressed as a convex-upward increasing function of G, the 
pit structure can be categorized into being spherical and shallow, which means that the ions passed 
through the rear surface from outside. Therefore, it can be concluded that pit #3 is also created by the 
backscattered particles. Since the pit #3 has a brighter center, it can be concluded that the pit #3 was 
created by relatively lighter particles such as protons or He. It is worth noticing that several etch pits 
show up in the process of chemical etching. For example, etch pit #4 seen in Figs. 4.5 (b) and (c) 
appears after 4 h etching. It is conceivable that this kind of etch pit can be produced by nuclear 
spallations as well as high energy neutrons generated in the plastics including backscatterers and CR-39 
detector. 
 The same analysis was carried out for 50 and 100 etch pits located inside the square boxes of 
the front and rear surfaces, respectively, because the density of etch pits inside the beam spot area on 
the front surface is about one half of that for the rear surface [see Figs. 4.3 (b) and (c)]. On the rear 
surface, it has been found that all the analyzed etch pits, except for a few etch pits that cannot be 
identified, have the trumpet profiles and the spherical phases, which leads us to conclude that almost all 
of the etch pits on the rear surface are created by the backscattered particles via processes (1) and (2) in 
Fig. 4.4. On the front surface, it has been found that 80% of the analyzed etch pits have the spherical 
phases and 20% have the bell profiles, which leads us to conclude that the former etch pits are created 
by the low-energy (E≦40MeV) background particles the process (3) in Fig. 4.4, while the latter etch 
pits are created by the backscattered particles that penetrated through the CR-39 detector from the rear 
surface via process (2) in Fig. 4.4. Therefore, the experimental results show that about 10% of the 
backscattered particles passed through the CR-39 from the rear to the front surface. The total number of 
the backscattered particles can be roughly estimated as ~104 ions/cm2. Therefore, about 0.01% of the 
incident ions were reflected back by the plastic plates. 
 
4.2.2.3 PHITS code simulations 
Simulations using the PHITS code, which model the experimental configurations, have been 
performed to evaluate the yields of the backscattered particles from PMMA/Teflon sheet to the rear 
surface of the CR-39 detector. The results show that about 8% of the backscattered particles passed 
through the CR-39 from the rear to the front surface, and that 0.01-0.001% of the incident ions are 
reflected back by the plastic plates. The simulations also show that the backscattered particles are 
neutrons, protons, He, and other heavy ions such as carbon, which are produced by nuclear reactions in 
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the plastic plates. These are consistent with the experimental results. 
4.2.3 Conclusions 
 It has been demonstrated that the simple diagnosis method for high energy ion beams using a 
single CR-39 detector mounted on plastic plates. A large number of etch pits having elliptical openings 
were observed on the rear surface of the CR-39 detector by 100 MeV He ion beam irradiation of the 
CR-39 detector unit, whose energy was far beyond the detection threshold limit (40 MeV) of the CR-39 
detector. The spatial distribution of the etch pits well reproduced the intensity distribution of the 
incident He ion beam. The growth curve behavior analyses using the multi-step etching technique 
revealed that the etch pits having elliptical openings were created by the backscattered particles, which 
were produced by various nuclear reactions in the plastic plates and hit into the CR-39 detector from 
the rear surface. About 0.01% of the incident ions were reflected back by the plastic plates, which 
agreed with the results of the PHITS code simulations. 
This method allows a simple diagnosis of the ion beam profile and determination of the 
presence of the high energy component beyond the detection threshold limit of the CR-39 detector even 
in mixed-radiation fields, therefore, this method in combination with a magnetic energy spectrometer 
can be a powerful tool for the characterization of laser-driven ion beams having a broad energy 
spectrum. 
This method has been applied to the laser-driven ion acceleration experiment using CO2 
(cluster) + He (gas) target, which is conducted with the J-KAREN at JAEA-KPSI. In the experiments, 
He ions with the maximum energy of 50 MeV/n were detected by using the developed method in a 
field contaminated with X-rays and high energy electrons [7]. 
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Chapter 5 An Evaluation of Photo-Neutrons in Laser-Driven Ion 
Acceleration Experiments 
 
5.1 An evaluation of photo-neutrons using PHITS code 
In laser-driven ion acceleration experiments using the cluster-gas targets, a significant amount 
of fast electrons, which drives the ion acceleration, are produced along with high energy ions with 
several-tens of MeV. In the recent experiment using CO2 clusters embedded in H2 gas conducted with 
the J-KAREN laser facility (1 J, 40 fs) at JAEA-KPSI, the maximum energy of electrons reaches up to 
200 MeV. As described in section 1.1.3, such high energy electrons could produce high energy photons 
via bremsstrahlung processes. Accordingly, the photons could produce photo-neutrons via a series of (, 
n) reactions. In order to diagnose the “laser-accelerated protons” exclusively in such photo-neutron 
contaminated fields, it is a crucial issue to evaluate the effects of photo-neutrons in CR-39 track 
detectors, because the CR-39 can also record etchable tracks of “recoiled protons” kicked out by the 
neutrons as “fake proton signals”. In order to diagnose the laser-accelerated proton beams using CR-39, 
it has been carried out that an evaluation of photo-neutrons which derived from laser-accelerated high 
energy electrons using PHITS code. 
 
5.1.1 Reconstruction of the experimental condition 
In order to calculate the photo-neutron fluxes in ion detector unit, the experimental setup in 
JAEA-KPSI was reconstructed in PHITS. Figure 5.1 shows the top view of the experimental set up 
which is described by PHITS code.  
 
Fig. 5.1 Top view of the experimental setup in PHITS code. 
 
The focusing intense laser comes from left side and irradiate to the CO2 (cluster) + H2 (gas) 
target on the nozzle, which is the source point. Then, ions and electrons were accelerated to the same 
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direction of laser axis along the black arrow in Fig. 5.1. The laser-accelerated electrons were deflected 
to the upper side of the plane by the magnetic field, on the other hand, the laser-accelerated ions were 
deflected to the lower side of the paper. The deflected electrons, which higher energy components, 
were entered into the stacked detector unit and also vacuum chamber wall which is consisted the 
stainless steel. And lower energy components were entered into the phosphor screen DRZ-high which 
is the detection part of the electron spectrometer (ESM). On the other hand, the deflected 
laser-accelerated ions were entered into the stacked CR-39 detector unit as shown in Fig. 5.2.  
 
Fig. 5.2 Stacked CR-39 detector unit and detectable energy points. 
 
The designed stacked detector unit was consisted by Teflon and lead blocks for energy filters 
and two-ply CR-39 were inserted between the each energy filter. The designed detector unit provides 
the energy spectrum of laser-accelerated protons with a wide energy range from 1 to 730 MeV in 40 cm 
which is the limit of the space of vacuum chamber. The detector unit was installed at just behind the 
magnet to measure the laser-accelerated ions as much as possible. 
 
5.1.2 Preliminary experiment 
As a preliminary experiment, the energy spectrum of laser-accelerated electrons applied CO2 
(cluster) + H2 (gas) target were measured by using the ESM. In this preliminary experiment, the stacked 
detector unit has not been installed to obtain the full-range energy spectrum of electrons. 
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Fig. 5.3 The energy spectrum of laser-accelerated electrons on phosphor screen.  
 
The wide-spread energy spectrum has been observed with the maximum energy of 200 MeV as shown 
in Fig. 5.3 and total charge is about 1 nC per single laser shot. The averaged spectrum of 
laser-accelerated electrons was duplicated on PHITS code and generated at source point. In this study, 
the divergence of laser-accelerated electrons was set 0 degree i.e. cylindrical beam and the transport 
direction was also set along the arrow in Fig 5.1 which is the same direction of laser. 
 
5.1.3 An evaluation of photo-neutron fluxes in the stacked detector unit 
Figure 5.4 shows the spatial distribution of the photo-neutron fluxes (a), and the fluxes of 
neutron, electron and photon in detector unit as a function of depth in detector unit (b) calculated by 
PHITS code.  
 
Fig. 5.4 The spatial distribution of the photo-neutron fluxes (a), and the fluxes in detector unit  
as a function of depth in detector unit (b). 
 
From this result, it can be estimated that the maximum photo-neutron flux is 10-4 per electron, therefore, 
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106 photo-neutrons were generated per single laser shot in the stacked detector unit. This number of 
photo-neutrons can create the 10 etch pits on CR-39 per one laser shot because the detection efficiency 
of neutrons by CR-39 is around 10-4 pits/neutrons. In laser-driven ion acceleration experiments using 
cluster-gas target, it can create a significant amount of fake protons signals because of the laser shot 
accumulated more than 2000 shots using same CR-39 detectors. 
 In conclusion, the flux of photo-neutrons in detector unit has been evaluated using PHITS code. 
The high energy electrons can produce a significant amount of noise signals for CR-39. It is important 
that the designed ion detector system evaluate the photo-neutron fluxes using PHITS code and optimize 
the configuration of experimental setup to minimize the photo-neutron contaminants. 
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5.2 Discrimination method of etch pits created by laser-accelerated protons and recoiled 
protons by photo-neutrons using CR-39 
 In laser-driven ion acceleration experiment using cluster-gas target, a significant amount of 
photo-neutrons were generated as described in 5.1. In order to measure the laser-accelerated proton 
beams precisely using CR-39, the etch pits created by laser-accelerated protons and the etch pits of 
recoiled protons by photo-neutrons must be distinguished. In the present study, it has been developed 
that the discrimination method of laser-accelerated protons and recoiled protons based on the incident 
angles determined by the shape of etch pit open mouth and the incident energies determined by the both 
radius and grayscale of the etch pit. Finally, the developed method has been applied to the laser-driven 
ion acceleration experiment using CO2 (cluster) + H2 (gas) target. 
 
5.2.1 A discrimination method based on the etch pit shape 
5.2.1.1 The pattern of etch pit by protons 
 In order to understand the difference of laser-accelerated protons and recoiled protons by 
neutrons, the all assumed pattern of incident protons were described as shown in Fig. 5.5. Figure 5.5 
indicate the cross sectional view of the two-ply of CR-39 and the laser-accelerated protons and 
neutrons were come from left side. The pattern No. 1 shows the case of laser-accelerated proton and 
Nos. 2-4 show the case of recoiled protons by neutrons.  
 
Fig. 5.5 Patterns of incident protons for two-ply CR-39. 
 
 The case of laser-accelerated protons such as No.1 in Fig. 5.5, the incident angle is almost 
perpendicular to the detection surface of CR-39. And also the incident angles of laser-accelerated 
protons can be calculated using particle transportation code if it deflected by external magnetic field 
because the generation point of protons were uniquely decided by experimental set up. 
 The next case (No.2 in Fig. 5.5) is neutron entered into CR-39 and recoiled proton with oblique 
incident to the detection surface of CR-39. In this case, the etch pit can be assigned to the derived from 
neutrons because the incident angles were different from the laser-accelerated protons such as the case 
No.1 in Fig. 5.5.  
 The next cases (Nos.3 and 4 in Fig. 5.5) are neutron entered into CR-39 and recoiled proton 
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with normal incident to the detection surface of the first and second layer of CR-39. The case Nos.3 and 
4 cannot be distinguished based on the incident angles because the incident angles are same as 
laser-accelerated protons. Accordingly, the differences of incident energies were used instead of the 
incident angles. The incident energies of laser-accelerated protons were distributed from low energy to 
several-tens of MeV. On the other hand, the energies of recoiled protons must be lower than the initial 
neutrons energies. The energies of photo-neutrons in the laser-driven ion acceleration experiments can 
be estimated below a few MeV, the recoiled protons energies were also below a few MeV. Therefore, 
the etch pit which exceed the maximum energy of photo-neutron can be assigned to laser-accelerated 
protons even when the etch pit with normal incidence. 
 Taken together, the etch pits with the ideal incident angles and higher energy than 
photo-neutrons could be assigned to laser-accelerated protons. The other etch pits, which unsatisfied 
the upper requirements, were assigned to recoiled protons derived from photo-neutrons. 
 
5.2.1.2 Incident angles 
 Figure 5.6 shows the top view of the etch pit open mouth and cross sectional view of the etch 
pit with incident angle . 
 
Fig. 5.6 Top view of the etch pit open mouth and cross sectional view of the etch pit. 
 
The minor axis d and major axis D of the each etch pit open mouth can be obtained by usual optical 
microscope observation. And the thickness of layer removed G can be evaluated by the etch pit radius 
of fission fragment from 252Cf source (see in 2.1.3). The eth pit cross sectional view, however, as shown 
in Fig. 5.6 cannot observe directory by the optical microscope. Therefore, the incident angle must be 
evaluated from the only minor axis d, major axis D, and thickness of layer removed G. In the present 
study, the equation (5.1), which derived by Somogyi [31], was employed to obtain the incident angle 
with the limited information from the optical microscope observations.  
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where d is minor axis and D is major axis of the etch pit open mouth, the G is thickness of layer 
removed, and the  is the incident angle to the surface of CR-39. The incident angle of each etch pit, 
which is obtained by laser-driven ion acceleration experiments, was obtained by substituting the d, D, 
and G to the eq. 5.1 and inverse function of the sine. 
 
5.2.1.3 Incident energies 
 In order to obtain the incident energy, the multi-step etching technique (see in 2.1.3) can be 
applied. But the multi-step etching technique is not suitable method for the case of a large number of 
etch pits are existed on CR-39, because the multi-step etching technique needs to observe the same etch 
pit before and after the etching for every etch pits. Realistically, a several hundred is the maximum 
number of the etch pits for applying the multi-step etching technique. Accordingly, the analysis method 
was developed to obtain the incident energies for each etch pit only one-time etching based on the 
minor axis of the etch pit open mouth and grayscale of the center part of the etch pit. 
 The case of laser-accelerated protons, the etch pits grow from the surface of CR-39. On the 
other hand, the case of recoiled protons derived from photo-neutrons, the etch pits grow from the 
recoiled position which is the inner side of CR-39. When mixture these two cases, the etch pit of high 
energy laser-accelerated proton and the etch pit of recoiled proton cannot be distinguished by the etch 
pit minor axis only, because the etch pit minor axis can be almost same length. Therefore, not only etch 
pit minor axis but grayscale of center part of the etch pit were employed. The correlation of the 
grayscales and the incident energies has been studied by Law et al [53]. The grayscale of the etch pit 
center part reflect the information of the etch pit tip shape and the depth. The etch pit tip shape and the 
depth can be varied depends on the incident energies of protons. 
 As a preliminary experiment, 0.5, 1, 3, 4, and 5 MeV protons were irradiated to CR-39 samples 
respectively by using the conventional accelerator at HIMAC [54]. These samples were chemically 
etched by 6M-KOH solution at 70℃, which is the completely same condition as CR-39 samples used 
in laser-driven acceleration experiment. After the chemical etching processes, CR-39 samples were 
observed by the wide area scanning optical microscope HSP-1000, and then the etch pit minor axis d 
and grayscale g have been obtained. Figure 5.7 shows the result of this preliminary experiment, minor 
axis (a) and grayscale (b). 
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Fig. 5.7 Calibration curves for protons energy as functions of minor axis (a), and grayscale (b). 
 
 The etch pit minor axis becomes smaller with an increase of the incident energy as shown in 
Fig. 5.7 (a). The case of 0.5 MeV, the etching depth was beyond the range of protons i.e. etch pits were 
rounded out. The correlation between minor axis and incident energy can be described as approximate 
function except 0.5 MeV.  
 The grayscale of etch pit center part becomes larger i.e. brighter with an increase of the 
incident energy as shown in Fig. 5.7 (a) except 0.5 MeV. This result indicate that the high energy 
protons create the shallow etch pit because of the smaller stopping power and low energy protons create 
the deep etch pit because of the larger stopping power. On the other hand, the large grayscales of etch 
pits with the energy of 0.5 MeV indicated the rounded etch pits tips. The correlation between grayscale 
and incident energy can also describe as approximate function except 0.5 MeV. 
 From these result, the two quadratic functions as follows were obtained by the least squared 
method. These two functions express the energy calibration curve for protons as a function of minor 
axis (5.2), and grayscale (5.3). 
   89.14549.208966.0 2  ddE , (5.2) 
 0937.110644.00020281.0
2  ggE , (5.3) 
where d is minor axis of the etch pit open mouth, g is the grayscale of the etch pit center part, and E is 
incident energy. 
 Note that the eq. 5.3 cannot be applied for higher energy region more than 7 MeV, because the 
value of grayscale will be same as the 0.5 MeV. In this study, the applied energy region of eq. 5.3 was 
limited as 1-7 MeV. 
 CR-39 samples, which obtained by laser-driven ion acceleration experiments, were analyzed 
under the condition as the etch pit must be satisfied the both eq. 5.2 and eq. 5.3 at the same time. For 
example, the etch pits which were incorrectly evaluated their energies were excluded from the analysis 
targets such as the etch pit which evaluated 3 MeV by eq. 5.2 but 6 MeV evaluated by eq. 5.3. In the 
56 
 
present study, the etch pits which satisfied the difference less than 1.5 MeV between evaluated incident 
energies from eq. 5.2 and eq. 5.3 were analyzed. 
 Thus, the incident energy of laser-accelerated proton was evaluated for each etch pit based on 
the etch pit minor axis and grayscale of the etch pit center part. 
 
5.2.2 Laser-driven ion acceleration experiment 
5.2.2.1 Experimental setup 
 Figure 5.8 shows the schematic top view of the laser-driven ion acceleration experiment using 
cluster-gas target. Focusing J-KAREN laser irradiated to the CO2 (cluster) + H2 (gas) target, and then 
ions and electrons were accelerated to the same traveling direction of laser axis. The laser-accelerated 
electrons and ions were deflected by the external magnetic field using dipole magnet behind the slit 
with 11 mm width. The laser-accelerated electrons were deflected to the upper side of the plane and 
entered into electron dump which consisted by Teflon and lead block with the thickness of 5 cm 
respectively. 
 
Fig. 5.8 Schematic top view of the laser-driven ion acceleration experiment using cluster-gas target. 
 
 On the other hand, the laser-accelerated ions were deflected to the lower side of the plane and 
entered into the stacked CR-39 detector unit (see Fig. 5.2). In order to avoid CR-39 were exposed to the 
laser light directly, a 6 m thick aluminum filter was mounted on the stacked detector unit. In this 
experiment, HARZLAS (TD-1) were applied as a CR-39 detector.  
After the 2500 laser shots accumulation, the CR-39 samples were chemically etched 5 hours by 
6M-KOH solution at 70 degree of Celsius, and then the microscope observations using HSP-1000 were 
carried out. In the microscope observations, the minor axis, major axis and grayscale were evaluated for 
each etch pit. 
The generated photo-neutrons energies were evaluated by time-of-flight method using 3He 
detector. 3He detector was set in the same plane of the laser axis and 5.5 m from the vacuum chamber 
wall. The photo-neutrons signals from 3He detector were analyzed by oscilloscope and measured the 
time from the laser shot timing. 
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5.2.2.2 Threshold of discrimination 
 Firstly, the thresholds of the incident angles of laser-accelerated protons for CR-39 were 
decided. The incident angles were calculated by three-dimensional electro-magnetic field analysis 
software AMaze. The tracks of laser-accelerated protons in vacuum chamber were simulated under the 
precise magnetic field which is installed in the experiment. From the calculation results, the ideal 
incident angles for CR-39 were decided as 5-15 degree and 0-10 degree for below 30 MeV and above 
30 MeV respectively. These angles were considered the width of the slit. Accordingly, if the incident 
angle which is evaluated by the etch pit analysis was within the limits, there are some possibilities that 
the etch pits includes those from laser-accelerated protons. On the other hand, the etch pit beyond the 
limits of ideal incident angles can be assigned to it created by recoiled proton. 
 Secondly, it has been considered that the threshold of incident energy for each layer of CR-39 
were determined from the maximum energy of photo-neutron. Figure 5.9 shows the energy spectrum of 
photo-neutrons which is obtained by time-of-flight method using 3He detector with 2500 laser shots 
accumulation. 
 
Fig. 5.9 Energy spectrum of photo-neutrons. 
 
 From the experimental results, the maximum energy of photo-neutron was 4 MeV, so the 
energies of recoiled protons were decided below 4 MeV. Therefore, there are some possibilities that the 
etch pits includes those from laser-accelerated protons which have been evaluated more than 4MeV. 
 To summarize, it can assign to the laser-accelerated protons that the etch pits were evaluated 
above 4 MeV and within the limits of ideal incident angles. And other etch pits can be assigned to 
recoiled protons. 
 
5.2.3 Results and discussion 
5.2.3.1 Incident angle and incident energy distributions 
 The angular distribution and energy distribution of the etch pits on first layer of stacked CR-39 
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were obtained as shown in Fig. 5.10. 
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Fig. 5.10 Angular distribution (a), and energy distribution (b) of the etch pits on the first layer. 
 
 From the result of angular distribution as shown in Fig. 5.10 (a), the protons which include the 
recoiled protons were mostly incident below 10 degree. The small number of etch pits were evaluated 
above 30 degree, but note that the protons with large incident angles are exist. The detection efficiency 
of CR-39 depends on the angle of incidence of charged particles. Above a critical angle, no etchable 
track can be made visible by the etching process [55]. The critical angle depends on the stopping power 
of charged particle. For example, a proton with 3 MeV and above 25 degree of incidence cannot create 
the etch pit. 
 From the result of energy distribution as shown in Fig. 5.10 (b), the number of high energy 
protons is larger than low energy component. This is because the etch pit which is created by recoiled 
proton with large incident angle indicate very shallow and elliptical open mouth. In this case, the size 
and grayscale of the etch pit may regard as the high energy components. In the present study, such etch 
pit is never selected as the laser-accelerated proton thanks to the combination of incident angles and 
incident energies. 
 
5.2.3.2 Selection of the etch pits 
 Firstly, the etch pits analysis has been carried out based on the developed discrimination 
method for front surface of the first layer of stacked CR-39. Figure 5.11 (a) shows the example of the 
selected etch pit as a laser-accelerated protons. The etch pit minor axis is 3.6 m and grayscale is 41, 
therefore, the incident energy can be estimated around 6.8 MeV from the eq. 5.2 and eq. 5.3. And also, 
the incident angle was 4 degree. On the other hand, Fig. 5.11 (b) shows the instance of the unselected 
etch pits. From the optical microscope image, it is clear that these etch pits have large incident angles, 
so these etch pits can be created by recoiled protons. 
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Fig. 5.11 Etch pits of the laser accelerated proton (a), and recoiled protons (b). 
 
 The same analysis has been carried out for the front surface of every layer of stacked CR-39. 
Table 5.1 shows the analysis results of first and second layer of CR-39 which is inserted just behind the 
6 m aluminum filter. Note that the analysis area of CR-39 is 6×6 cm2. 
 
Table 5.1 The number of etch pits on CR-39. 
 All Selected 
1st layer 19299 95 
2nd layer 39678 108 
 
 The number of all etch pits on the second layer is larger than it on the first layer. This is 
because the first layer of CR-39 worked as a radiator for recoiled proton generation when the 
photo-neutrons entered into the stacked CR-39 detector unit from the front side. The small number of 
etch pits were selected as laser-accelerated protons. 
 Figure 5.12 shows the result of the etch pit selection for all first layer of inserted two-ply 
CR-39 between the energy filters as a function of depth in stacked detector unit. The dotted line 
indicates the number of etch pits on CR-39 which is obtained by the etched blank sample. 
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Fig. 5.12 The number of etch pits as a function of depth in stacked CR-39 detector unit. 
 
 After the analysis, around 0.3% of all the etch pits were selected. The selected etch pits 
strongly indicate the laser-accelerated protons because the incident energies are above 4 MeV and the 
incident angles are within the ideal limit. 
 Here, the error of this discrimination result was estimated, especially the reliability of selected 
0.3%. In this experiment, no neutrons with the energies above 4MeV were detected. Accordingly, 
criteria are such that a neutron with the energy above 4MeV was generated with a 1/2500 i.e. 0.04% 
possibility. In addition, it assumed that the neutron recoiled above 4 MeV proton, and the recoiled 
proton was incident with ideal incident angle. These assumptions are clearly smaller than 1. Then, the 
possibility of select the etch pit which derived from photo-neutron is enough smaller than 0.04% using 
the developed method. Therefore, the selected 0.3% etch pits strongly indicate the signals of 
laser-accelerated protons. 
 
5.2.4 Conclusion 
 The etch pit discrimination method for laser-accelerated protons and recoiled protons by 
neutrons has been developed, which is based on the incident angles and incident energies of protons. 
The developed method adopted not only minor axis but the grayscale of the center part of etch pit to 
obtain the incident energy. It allow us to evaluate the incident energy more precisely. 
 The developed method has been applied to the laser-driven ion acceleration experiment using 
CO2 (cluster) + H2 (gas) target, and then 0.3% of all etch pits strongly indicate the laser-accelerated 
protons and other 99.7% were assigned to derive from photo-neutrons. 
 This discrimination method can be applied to the ion beam diagnostics using CR-39 in the field 
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contaminated with photo-neutrons. 
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Chapter 6 Design of laser-accelerated ion beam measurement system 
 
6.1 Concept of laser-accelerated ion beam measurement system with low background noises 
 Through the whole study, it has been revealed that diminish the noise signals are the most 
important matter for laser-accelerated ion beam diagnosis. Especially, the noise signals from 
photo-neutrons can be the serious issue for leaser-driven ion beam diagnostics using CR-39 detectors. 
To diminish the background noises, especially photo-neutrons, the important point of laser-accelerated 
ion beam measurement system is as follows: 
 Never hit the high energy electrons to the chamber wall. 
 Using low-Z materials where hit the high energy electrons. 
 Reduce the range of high energy electrons in high-Z materials. 
 Protect the photo-neutrons generated in the magnet materials. 
These points are mainly corresponds to the treatment of the high energy electrons. Here, the high 
energy is defined as more than 8 MeV. Because such electrons can produce high energy photons, which 
energies exceed the threshold of the photo-nuclear reaction. The high energy electrons must be reduced 
the energy in the low Z materials to diminish the number of high energy photons. 
 
6.2 Design of the system 
Figure 6.1 shows the designed system for diagnostics of laser-accelerated ions and electrons. 
 
Fig. 6.1 Schematic view of the designed system. 
 
 The intense laser comes from the right side along the red arrow and focused on the target 
which is set at the center of the hexagonal vacuum chamber. The laser-accelerated ions and electrons 
were transported to the pentagonal vacuum chamber through the two-stage collimators which is 
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composed of 15 cm length Teflon (polytetrafluoroethylene) block and 25 cm length PE (polyethylene) 
block. After transported to the pentagonal chamber, the ions and electrons through the additional 12 cm 
length PE collimator, and then deflected by the magnetic field. The electrons are deflected to the front 
side of the plane, and then entered into phosphor screen which is detection part of electron spectrometer 
(ESM). The luminescence of the phosphor screen is imaged by CCD shot by shot through the acrylic 
window. On the other hand, the ions are deflected to the back side of the plane and enter into the 
stacked CR-39 detector using Teflon blocks as energy filters. Note that the width of the collimators can 
be changed depends on the required resolution of the ESM. And also, the additional Teflon blocks are 
set just behind the magnet. 
The important point of this design with low background noises is as follows. 20×20 cm2 wide 
and 15 cm depth Teflon collimator has been set near the generation point of ions and electrons as 
shown in Fig. 6.1. If the high energy electrons accelerated to any unexpected forward direction, this 
Teflon block reduce the energy of high energy electrons with the small number of high energy photons, 
because this Teflon block can cover the all visible angle of the front chamber wall from the generation 
point. And also, the number of photo-neutrons which generated in the Teflon block by the unexpected 
directional electron beam can be diminished by the PE blocks.  
In pentagonal vacuum chamber, the high energy electrons after through the collimators are 
deflected by the magnetic. The trajectory of electrons were changed which depends on their energy. 
The higher energy components which proceed with small deflection will hit the front wall of chamber. 
In order to decrease the number of high energy photons, the acrylic window has been chosen for the 
front wall material. On the other hand, the lower energy components will hit the side wall of the 
chamber. If the chamber shape is rectangle, the electrons enter into the chamber wall and progress 
through the long distance inside the materials. Then, the pentagonal chamber is suitable for the ion 
beam diagnostics.  
The last point is generation of photo-neutrons in the dipole magnet. The dipole magnet which 
is consisted of stainless steel and Nd magnet have to be installed to measure the electron spectrum and 
separate the ions. Therefore, the PE block has been installed just after the dipole magnet to protect the 
stacked detector unit from neutrons. 
 
6.3 Simulations of the fluxes of photo-neutrons 
In order to confirm the neutron fluxes in the designed system, the Monte Carlo particle 
transportation simulations have been carried out using PHITS code. The details of the ion measurement 
system has been reconstructed on the PHITS as shown in Fig. 6.2 (a), and the electron beam is 
generated at the source point and transported along the red arrow with divergence 10 degree. Figure 6.2 
(b) shows the parameters of installed electron beam, the maximum energy is 200 MeV and electron 
temperature is 50 MeV.  
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Fig. 6.2 Schematic top view of the ion measurement system reconstructed on PHITS code (a) and the 
energy spectrum of the installed electron (b). 
 
Figure 6.3 shows the calculation results of electrons (a), photons (b), and neutrons (c). 
 
Fig. 6.3 Calculated trajectories of electrons (a), photons (b), and neutrons (c). 
 
Figure 6.3 (a) shows the electron trajectories. This result indicates that the high energy 
electrons were deflected by the magnet and passed through the acrylic window. Figure 6.3 (b) shows 
the distribution of photons. Most of photons were generated at the Teflon collimator. Figure 6.3 (b) 
shows the flux of photo-neutrons. This result indicates that the neutron flux can be reduced as 10-8 per 
the number of the source electrons at the stacked detector unit position rounded by red circle. The case 
of CO2 (cluster) + H2 (gas) target, the averaged electron charge was 1 nC i.e. around 1010 electrons 
were accelerated, so the number of neutrons can be expected as 102 per single laser shot by the 
simulation. This number of photo-neutron cannot create the etch pit per single laser shots, because the 
detection efficiency of neutrons by using CR-39 is around 10-4 pits/neutrons. 
The simulation results revealed that the designed system can be utilized for the precise 
diagnosis of laser-accelerated ion beams with less contaminant by photo-neutrons. 
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Chapter 7 Conclusions 
 
 For the precise measurement of laser-accelerated ions, two diagnosis methods and one analysis 
method of CR-39 were developed as follows: 
 
1. CR-39 track detectors have been applied for laser-driven ion acceleration experiment. To precise 
diagnose laser-accelerated ions, the analysis techniques of CR-39 were employed for the first time 
such as multi-step etching. 
 
2. Laser-accelerated protons from thin foil target were measured by using CR-39 stacked detector 
unit. The spatial distribution of the etch pits shows that the high energy components indicated the 
directional beam. By means of multi-step etching technique, the maximum energy of the proton 
was determined as 14.39±0.05 MeV in the experiment. This method, which combined the stacked 
CR-39 detector unit and multi-step etching, allows us to measure the energies with uncertainty 
E=0.1 MeV. The uncertainty is ten times higher than the conventional measurement systems 
such as time-of-flight method in energy resolution. 
 
3. For intense high energy ion beams, it has been developed that the new simple diagnosis method 
for high energy ion beams using a single CR-39 detector mounted on plastic back-scatterers, 
which can use in a field contaminated with X-rays and high energy electrons. The 
proof-of-principle experiment has been demonstrated using He ion beams with the energy of 100 
MeV which exceed the detection threshold of CR-39. A large number of etch pits were observed 
on the rear surface of the CR-39 by and the spatial distribution of the etch pits on rear surface well 
reproduced the intensity distribution of the incident He ion beam. By using the multi-step etching 
technique, the growth curve behavior indicated the etch pits were created by the backscattered 
particles from the plastic back-scatterer. About 0.01% of the incident ions were reflected back by 
the plastic plates, which agreed with the results of the PHITS code simulations.  
 
4. The diagnosis method using backscattered particles has been applied to the laser-driven ion 
acceleration experiment using CO2 (cluster) + He (gas) target, which is conducted with the 
J-KAREN at JAEA-KPSI. In the experiments, He ions with the maximum energy of 50 MeV/n 
were detected by using the developed method in a field contaminated with X-rays and high energy 
electrons. 
 
5. The discrimination method for laser-accelerated protons and recoiled protons by photo-neutrons 
using CR-39 has been developed, which based on the incident angles and incident energies of 
protons. The analysis system for wide area CR-39 was created to evaluate the incident angles and 
incident energies of protons in one time microscope observation. It has been employed that not 
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only minor axis but also the grayscale of the center part of etch pit in order to obtain the incident 
energy precisely for each particle. 
 
6. The developed discrimination method has been applied to the laser-driven ion acceleration 
experiment using CO2 (cluster) + H2 (gas) target. The etch pits of protons with the energy 
exceeding 4MeV, the maximum energy of photo-neutrons, and ideal incident angles were assigned 
to laser-accelerated protons. It has been revealed that 0.3% of all etch pits strongly indicated the 
laser-accelerated protons and other 99.7% were derived from photo-neutrons. 
 
For the online diagnosis of laser-accelerated ions, the Thomson parabola spectrometer system was 
developed as follows: 
 
7. The ZnS(Ag) fluorescent screen has been developed for an online Thomson parabola spectrometer. 
The thickness of fluorescent screen was optimized to diminish the luminescence by electrons 
based on the Bethe-Bloch equation. 
 
8. It has been demonstrated that the diagnosis of laser-accelerated ions from thin foil target by using 
a Thomson parabola spectrometer system with the fluorescent screen. The trajectory of the ions, 
i.e. luminescence of the fluorescent screen, was measured by a usual CCD camera with the 
minimum sensitivity of 0.4 lx. The each trajectory has been assigned the charge-mass ratio by 
PHITS code simulation. In addition, the calibration study using CR-39 has been carried out. The 
results of the CR-39 and calculations are consistent to the measured trajectories. 
 
To diminish the noise signals from photo-neutrons, the laser-accelerated ion beam measurement 
system was designed using PHITS code as follows: 
 
9. The large size Teflon and PE blocks, low Z materials, were used as collimators to avoid the 
electrons entered into experimental chamber wall. In addition, the generated photo-neutrons in 
magnet materials were protected by PE blocks. The shape and the window material of the 
designed pentagonal chamber was considered from the view point of the behavior of high energy 
electrons. The flux of photo-neutrons has been evaluated by PHITS code when the high energy 
electrons were generated in the designed configuration. The simulation results indicated that the 
number of neutrons at detector position could be expected as 102 per single laser shot, which was 
small enough to diagnose only laser-accelerated protons. 
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